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Abstract 
 
 Current thermosonic flip chip bonding technologies are adversely affected by chip-to-
substrate co-planarity errors and bump/pad height variations which can lead to uneven bonding 
strength and, in extreme cases, chip cratering. This has limited the industrial uptake of 
thermosonic flip chip assembly. The aim of the research reported here was to explore the use of 
laser-generated ultrasound as an alternative ultrasound source in flip chip bonding. The research 
was motivated by the idea that, with greater control over the distribution of ultrasonic energy 
applied over the bonding interface, it should be possible to compensate for and mitigate the above 
effects.   
 The main objective of this research work was to establish a working flip-chip bonding 
process using laser induced ultrasonic vibration. Initially, a literature review on current flip-chip 
bonding methods and laser ultrasonic methods was carried out. This suggested that confined laser 
ablation would be the most appropriate technique for generating strong ultrasonic vibration. 
Next, through modelling and simulation, an investigation was carried out to determine the 
suitable parameters and methods to be implemented during the experimental stage, including the 
pressure pulse amplitude, cavity width (irradiance spot size) and type of sacrificial material. 
Additional investigations were also carried out to explore the effect of applying different 
materials in generating ultrasonic vibration and also to show the effect of applying multiple 
pressure pulses simultaneously. 
 In the experimental phase, a custom bonding rig was developed and used to explore the 
parameter space for thermosonic bonding on polymer substrates using ultrasound generated by a 
diode-pumped solid-state laser (355 nm wavelength). Initial experiments showed unstable bond 
strength due to the accumulation of heat which resulted in the appearance of an unwanted glue-
like substance at the bonding interface. However, this issue was overcome through careful choice 
of process parameters combined with the introduction of off-axis laser irradiation. A process for 
bonding dummy test chips to flexible substrates was successfully established, and in the best case 
a die shear strength of 9.3 gf/bump was achieved.   
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1. INTRODUCTION 
 
1.1 Background 
 
Ultrasonic bonding is recognised as one of the effective joining methodologies in flip-chip 
assembly for microelectronics. It is attractive because it allows bonding at relatively low 
temperatures (typically 200 C) and leads to direct metal-metal bonds without the need for 
additional materials. It also provides strong metallurgical joining [1] which is expected to be 
more reliable than solder interconnection and conductive adhesive [2], [3]. 
The most widely adopted ultrasonic bonding method currently is thermosonic bonding. This 
technique uses a transducer powered by a piezoelectric element to transmit ultrasonic vibration 
to the bonding interface. In the case of flip-chip assembly this interface is the boundary between 
the “bumps” (metallised contact pads) on the flip-chip and the substrate pads. The ultrasonic 
vibration, together with sufficient clamping force, will cause the initiation of a bond in about 7.5 
ms [4]. The basic principle of thermosonic bonding is the introduction of an ultrasonic softening 
effect at the bonding interface that allows the materials to undergo plastic deformation. During 
the plastic deformation, oxides and contaminations are removed from the contact surfaces of 
connecting materials, exposing raw surface which enables the materials to bond [5] on a typical 
timescale of tens of milliseconds. This ultrasonic energy, coupled with external force, also does 
not require or generate high temperature that can damage sensitive chips or substrates.  
 
1.2 Problem statement and research motivation 
Thermosonic bonding is classified as either transverse or longitudinal depending on whether the 
ultrasonic vibration lies parallel to or perpendicular to the bonding interface. In both cases, the 
ultrasonic energy is introduced via the bonding tool and is therefore coupled to the entire chip. 
This can cause irregularity in the bonding energy distributed to individual bumps, especially if 
the chip is large and/or the bumps are not symmetrically disposed on the chip surface. As a result, 
the bonding strength may vary from bump to bump and this can lead to increased incidence of 
electrical connectivity failures, which will surely affect the overall device functionality. Slight 
variations in bump height across the chip can also lead to bond strength variations.  
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One possible way to improve bond strength uniformity is to use a bonding method that can 
channel a controlled amount of ultrasonic energy individually to each bump.  The normal 
thermosonic bonding process cannot achieve this because it relies on coupling of the ultrasonic 
energy from the bond tool to the entire chip.  
Therefore, the motivation of the present work was to explore the possibility of using pulsed laser 
light to generate ultrasonic excitation in a more targeted manner. There is a higher chance of 
establishing flip-chip bonding using the vibration induced by laser at micro scale if the vibration 
characteristics can be imitated from current thermosonic flip-chip bonding process. In addition, 
with greater control over the distribution of ultrasonic energy applied over the bonding interface, 
it should be possible to compensate for and mitigate the uneven bonding strength and chip 
cratering effects.  
Figure 1.1 shows how this approach might be applied in practice to flip-chip assembly. In this 
particular implementation, the substrate is held on a polymer carrier tape which also acts as an 
absorber for the laser light. The light is incident through the (transparent) bond head, and 
generates an ultrasonic wave either through thermoelastic expansion or ablation at the top surface 
of the tape. Depending on the size and shape of the laser beam, the ultrasonic excitation can be 
more or less localised, allowing for the possibility of either parallel bonding of many I/Os, or 
sequential bonding at individual I/O sites. 
 
 
Figure 1.1 A possible scheme for laser ultrasonic flip-chip bonding, with ultrasonic generation 
in a carrier tape 
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Laser technology has been used previously in flip-chip assembly as part of a process for 
transferring metal bumps onto flip chips [6]. This so-called “laser assisted bumping” process 
involves three steps, (see Figure 1.2): 
1) fabrication of bumps on a carrier; 
2) bonding of the bumps to a chip using a conventional thermosonic bonder; 
3) release of the bumps from the carrier by laser machining of a sacrificial polyimide 
layer. 
The proposed laser ultrasonic bonding technique could potentially replace the conventional 
thermosonic bonding step in this process. It may even be possible to combine the bonding and 
release operations, making the whole process simpler and faster to implement. 
 
 
Figure 1.2 Laser assisted bumping process (from [6]) 
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1.3  Research objectives and thesis outline 
 
The overall purpose of this research is to establish the feasibility of flip-chip bonding using laser 
induced ultrasonic vibration. Initially, the objective is to establish a flip-chip bonding by a mere 
adherence of a dummy flip chip to a flex substrate, which is sufficient to prove the hypothesis. 
Then, through modifications of the process or experimental setup, the bond strength (die shear 
strength) of the adhered flip-chip to the flex substrate should exceed the minimum standard for 
die shear stress test.  
In order to achieve this objectives, several steps have been taken which include reviewing current 
methodologies and related topics, modelling and simulation and conducting experiments. The 
remainder of this thesis is organised as follows. Chapter 2 reviews current thermosonic flip-chip 
bonding processes, identifying the important parameters to be studied, as well as important topics 
such as ultrasonic vibration and laser generation of ultrasound. Modelling and simulating of a 
flip-chip structure for the new laser-generated ultrasound method is presented in Chapter 3. 
Through the modelling and simulation work, the acoustic vibration characteristics at the point of 
interests were studied and important parameters for the initial setup of the experimental work 
were determined.  
Based on the work described in the preceding chapters, Chapter 4 presents the system set up and 
processes for the flip-chip bonding using the laser-generated ultrasound method, while Chapter 
5 presents the experimental results and some modifications to the process. The final chapter 
concludes the finding and contribution of this research and suggests future works that can be 
done to improve this method. 
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2. LITERATURE REVIEW 
 
In order to develop a laser ultrasonic approach to flip-chip bonding, a wide range of knowledge 
is required. This chapter contains a review of current thermosonic flip-chip bonding processes, 
laser generation of ultrasound, confined laser ablation, pressure propagation in multilayer 
structures and ultrasonic vibration detection methods. 
 
 
2.1 Thermosonic flip-chip bonding 
 
Thermosonic flip-chip bonding is a solderless technology for area-array connections [7]. It is 
similar to thermocompression bonding in terms of simplicity and in being a clean, solderless 
solid-state bonding approach, but requires much lower pressure, temperature and bonding time 
as a result of introducing ultrasonic energy into the process [8]. Basically, thermosonic flip-chip 
(TSFC) bonding is an adaptation of wire bonding technology for flip-chip assembly. Instead of 
joining one connection at a time (either wire to chip or wire to carrier/substrate), TSFC is able to 
form hundreds of joints simultaneously between a chip and a substrate or carrier. As with the 
wire bonding process, heat, ultrasonic energy and pressure are combined to form solid state 
metal-metal bonds [9]. However, TSFC has higher electrical performance when compared to 
wire bonding due to the fact that it has shorter interconnect distance between chip and board. The 
high input / output (I/O) density of this bonding system also enables miniaturization of products, 
which is more desirable to microelectronic packaging industries [6].  
A TSFC system is normally classified as being either transverse or longitudinal according to the 
direction of ultrasonic vibration transmitted by the bonding tool [8]. In both transverse and 
longitudinal bonding systems, ultrasonic vibration, which is generated by a transducer, is 
transmitted to the chip through a bonding tool, also referred as a collet (Figure 2.1). Basically, a 
transducer for thermosonic bonding consists of a piezoelectric element, which is the source of 
the ultrasonic vibration, an amplifying horn and a collet. The collet in the transverse bonding 
system is fixed perpendicular at the horn tip, while in the longitudinal bonding system the collet 
is fastened axially with the horn [8]. Both systems operate by holding the chip firmly using 
vacuum suction through the collet which is hollow in structure.  
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Figure 2.1 Thermosonic bonding tools, showing (a) longitudinal and  
(b) transverse geometries (from [8]) 
 
To develop a new bonding system for flip-chip assembly, it is essential to identify the important 
parameters involved in establishing successful bonding in TSFC. The important parameters to be 
studied that could determine the quality of successful bonding are the ultrasonic power, ultrasonic 
frequency, bonding force (the static normal pre-load applied at the interface), bonding time and 
substrate temperature [4]. The parameters associated with ultrasonic vibration are the frequency 
and amplitude of the bonding tool and chip, which are driven by the ultrasonic generator. From 
experimental works using a transverse bonding system with bonding parameters set as in Table 
2.1, a normal TSFC bonder starts to form a bond after about 7.5 milliseconds. At this stage, a 
stick and slide motion of the chip is expected to occur until it finally stabilize slightly before 10 
milliseconds of the bonding duration. Once bonding has been initiated, the remaining time is 
used to strengthen the bond. It can be observed that during the bonding increase stage (Figure 
2.2), the amplitude of the chip vibration is about 1 µm which is adequate for successful bonding.  
 
Table 2.1 TSFC Bonding Parameters (from [4]) 
I/O count 8 bumps 
Bonding force 30 g/bump 
Substrate temperature 163 °C 
Ultrasonic frequency 56 kHz 
Ultrasonic power 2-3 W 
Bonding time 22.5 ms 
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Figure 2.2 Typical vibration amplitude of tool and chip during bonding process (from [4]) 
 
During the bonding increase stage, it is observed that the bonding tool does not move 
simultaneously with the chip as shown in Figure 2.3b as can be compared from the vibration 
profile of the tool and chip at the beginning of the bonding process shown in Figure 2.3a. As a 
result, ultrasonic energy is wasted as only part of the ultrasonic energy has been propagated to 
chip. In addition, silicon cratering has been observed which is caused by the relative movement 
between tool and chip [4]. 
 
Figure 2.3 (a) Tool and chip vibration amplitude at the bonding forming stage. (b) Tool and 
chip vibration amplitude at the bonding increase stage. (from [4]) 
Start of bonding 
Bonding stick-slide stage 
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One of the major problems associated with transverse flip-chip bonding systems is the planarity 
issue which is caused by improper alignment between tool and chip. This improper alignment 
will lead to a non-uniform pressure being applied across the chip resulting in over-bonding at the 
bumps with higher compressive stress and under-bonding at the bumps with lower stress [8].   
This effect becomes more severe for high I/O assemblies since the bonding force, which is 
proportional to the number of I/Os, increases. The planarity issue is also believed to be caused 
by the bending of the collet attached to the bonding tool in the transverse motion when high bond 
force is applied [8]. To overcome this problem, the longitudinal bonding approach has been 
studied [10]. In a longitudinal bonding system, the bonding force and ultrasonic vibration are 
aligned and also parallel with the horn of the bonding tool, as illustrated in Figure 2.4. From 
simulation and experiments [8], it has been shown that for longitudinal bonding, even under high 
loading, the collet can maintain adequate co-planarity between the chip and the substrate.  
 
Figure 2.4 Longitudinal bonding (from [10]) 
 
Unfortunately, longitudinal bonding generates higher stress levels at the bonding interface than 
transverse bonding. For example, the ultrasonic hammering impact generated by a longitudinal 
bonding system with an ultrasonic power of 2 W may reach 1.2 GPa at a bonding force of 200 gf 
per bump, which is 20% higher than for the transverse mode [8]. This explains why, in reference 
[8], chip cratering was observed in the longitudinal mode while no cratering was observed in the 
transverse mode. Furthermore, while it has been argued that longitudinal bonding can be used 
for high I/O assembly, it is agreed that it requires higher bonding force. This is not an issue for 
the longitudinal bonder [10]. However the higher force increases the likelihood of cratering on 
the silicon chip. Therefore, longitudinal bonding has not been widely adopted for flip-chip 
assembly in high I/O applications even though it solves the chip tilting issue. 
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2.2 Laser ultrasonic bonding 
 
One of the main motivations for exploring the proposed laser ultrasonic bonding approach is the 
possibility of applying ultrasonic energy in a controllable manner to localised regions of the chip. 
With this capability it should be possible to adjust the applied ultrasonic energy to compensate 
for variations in the bonding force. Even in the absence of co-planarity errors, bonding force 
variations can arise from non-uniform bump height or substrate distortions. With compensation 
of this type in place, it should be possible to reduce the overall bonding force, and hence lower 
the likelihood of cratering. This assumes that it is possible to measure or predict the bonding 
force variations, but there are optical metrology techniques that could do this.  
Conventional thermosonic bonding operates on the principle of ultrasonic or acoustic softening 
which is defined as “the decrease in the plastic (yield) limit of a material under intense ultrasonic 
vibration” [11]. It is assumed that the proposed laser ultrasonic bonding process will work on the 
same principle. However, the ultrasonic generation mechanism will be quite different, being 
based on thermoelastic material expansion or ablation rather than piezoelectric effect. One 
consequence of this is that, depending on the laser type used, a wide range of vibration 
frequencies will be available. In contrast, conventional thermosonic bonders use only a small 
number of standard frequencies, with many operating at 60 kHz.     
Equation (2.1) is used to calculate the acoustic energy density [12] as follow: 
      𝐸 =  𝜉2𝜔2𝜌        (2.1) 
                        𝑊ℎ𝑒𝑟𝑒 𝐸 =  𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
                                       𝜉 =  𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒                                       
                                      𝜔 = 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
                                                    𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
 
Since the laser-induced ultrasonic vibration works basically on the same principle, this equation 
can also be used to determine its acoustic energy. By assuming that the acoustic energy density 
required in the laser process will be same as for conventional TSFC, the amplitude and frequency 
in Equation (2.1) can be adjusted accordingly to give similar result (depending on the limit of 
each parameter). For example, if the vibration amplitudes generated by laser are small, the laser 
process can be compensated by increasing the ultrasonic frequency. 
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The identified laser ultrasonic parameters that might affect the ultrasonic vibration amplitude and 
frequency are the laser peak power, laser spot size (area), laser pulse duration, type of target 
material (speed of sound) and material thickness. Depending on the laser irradiation mode, other 
material properties are also important such as optical absorption at laser wavelength, thermal 
conductivity and heat capacity (if thermoelastic mode is used) and ablation characteristics (if 
ablation mode is used). These parameters will be investigated to characterize the laser ultrasonic 
requirement for flip-chip bonding. 
There are potentially two methods for generating laser ultrasonic vibration which are by 
thermoelastic expansion or by ablation. The thermoelastic expansion process is widely used in 
non-destructive inspection of materials or objects [13] due to its nature which doesn’t produce 
any damage to the material surface, while ablation is known to be used in material removal 
processes such as laser machining [14].  
It is quite desirable to implement the thermoelastic concept in generating ultrasonic vibration as 
the means for ultrasonic bonding since the process is much simpler than the ablation process. 
However, the vibration amplitude produced by the thermoelastic effect is relatively low 
compared to that produced by ablation. Theoretically, the amplitude generated by thermoelastic 
expansion of a polyimide at an acoustic pressure of 1 MPa [15] (normal peak stress generated 
during thermoelastic expansion) will only be about 8.6 nm at 10 MHz (calculated from pressure 
pulse duration of 100ns). These values are calculated by using the acoustic pressure formula as 
in Equation (2.2) where 𝜌 =  1430 𝑘𝑔. 𝑚−3 𝑎𝑛𝑑 𝑐 = 1300 𝑚. 𝑠−1.  : 
                                                               𝑃 =  𝜌𝑐𝜔𝜉                     (2.2) 
                                                          𝑊ℎ𝑒𝑟𝑒 𝑃 = 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒  
                                                                         𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
                                                                         𝑐 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 
                                                                        𝜔 = 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
                                                                        𝜉 = 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 
 
Other possible materials such as copper and aluminium also produce very low displacement 
amplitude. For example, using the same values for pressure and excitation angular frequency, 
these materials give displacements of 0.47 nm and 1.2 nm respectively. With such small 
displacements it is not possible to generate enough ultrasonic energy density for bonding. For 
comparison, using Equation (2.1) to determine the ultrasonic energy required (silicon chip), 
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normal thermosonic bonding generates 331 J/m3 of energy density at 60 kHz (displacement = 1 
µm), whereas the ultrasonic energy density generated by thermoelastic expansion of silicon at 10 
MHz (displacement = 0.8 nm) is only 5.88 J/m3. 
On the other hand, the ablation method has the potential to be exploited as it is possible to 
generate higher amplitudes up to few micrometres [16]. Although it is often used for material 
removal in applications such as fine material cutting, etching and submicrometer patterning [15], 
it is also possible to utilize this technique for more exotic applications such as vibration 
generation. There are many research publications in the area of non-destructive testing that 
demonstrate the presence of laser-induced ultrasonic vibration (see for example [17], [18]). 
Unfortunately the resulting amplitude of the generated vibration is either too small or the 
frequency is too low to be useful in the present work. 
One investigation of vibrations induced by ablation is discussed in [16]. In this research, the 
materials investigated were polystyrene (PS) and polymethylmethacrylate (PMMA) of a 
thickness ranging from 20-100 µm. The laser used in the ablation process was a KrF excimer 
laser (λ = 248 nm) and the waves were detected using a Laser Doppler Vibrometer (LDV) at the 
opposite side of the test materials. The measured displacements are shown in Figures 2.5 and 2.6. 
  
Figure 2.5 Displacement of the surface layer opposite the ablation spot for a 
 PS sample (from [16]) 
 
 25 
 
 
Figure 2.6 Displacement of the surface layer opposite the ablation spot for a  
PMMA (Mw = 1900) sample (from [16]) 
 
The displacement of the PS sample is about 0.5 µm at about 8 kHz while for the PMMA sample 
the displacement is also about 0.5 µm but at a lower frequency of 5 kHz. The reason for the 
frequency difference is not discussed but might be caused by different molecular weight of the 
polymer samples (Mw = 1900 for PMMA and Mw = ~350000 for PS [19]). Referring to Esposito 
[16], the resulting excitation frequency increase to about 8 kHz when the molecular weight of 
PMMA is changed to higher molecular weight (Mw~100000). Therefore, it can be concluded that 
higher molecular weight (for polymer) will produce higher excitation frequency. 
Based on the results in [16], and the fact that polymer layers can readily be incorporated into 
microfabrication processes, the decision was made to focus on polymer materials as potential 
ultrasonic generator layers in the present work. In particular, polyimide was identified as being 
a good candidate as it is widely used in the semiconductor industry. 
Since the vibration amplitudes previously generated in polymers are slightly lower than the 
desired amplitude, investigation of confined ablation was also suggested. Confined ablation is 
capable of increasing the pressure in a target material coefficient by using a transparent glass 
layer [20] or water layer [21] to cover the target surface which results in higher amplitude. 
According to [21], the high amplitude of pressure generated in confined ablation is based on a 
simple thermal model of a confined ideal gas which expanse under rapid heating. This model 
describes how the irradiance, specific heat of the gas mixture (created during the ablation), 
confining material and acoustic impedance of the target material will affect the generation of the 
ablation pressure. 
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2.3 Laser ablation 
 
In order to fully understand the basic principle of how vibration is generated by laser ablation, 
this section will review a number of studies on laser ablation which cover the generation of 
pressure pulses, confined ablation and pressure propagation.  
The first step in the production of vibration by laser ablation is the generation of a pressure pulse 
at the irradiated surface. During the ablation process, the laser pulse vaporizes the surface of the 
target material [22]. This vaporization causes material to be ejected and a pressure pulse to be 
generated due to the recoil momentum. The generated pressure pulse launches an acoustic wave 
that propagates away from the ablation site. As a result, surface displacement can generally be 
observed at the back side of a material which has been ablated [16]. 
 
2.3.1 Generation of pressure pulse induced by laser ablation 
 
It is clear that pressure generation in a material is greatly affected by the laser power density. In 
the thermoelastic expansion region, the amplitude of the detected ultrasonic waveform is directly 
proportional to the laser power density. However, above the ablation threshold the ultrasonic 
wave detected at the back of the target material is composed of the superposition of both 
thermoelastic (TE) and ablative (AB) waveforms [21].  This section will only review the 
generation of pressure in the ablative regime due to its significant contribution in generating high 
pressure pulse amplitude. The focus will be on polyimide as explained earlier in the introduction 
section.  
To understand how much pressure is generated by irradiating the surface of a polyimide sample, 
several studies has been reviewed. Experimental work has shown that up to 1 GPa of pressure 
may be generated by irradiating with a laser as shown in Figure 2.7 where the stress generated in 
polyimide irradiated by 20 ns laser pulses at laser wavelengths of 308 nm and 351 nm are 
displayed. The graph shows that the peak stress reaches up to 1 GPa above the ablation threshold 
while it is less than 1 MPa before the ablation threshold [15].  At the ablation threshold, which 
is about 80 mJ/cm2 of radiant exposure, the peak stress is about 1 MPa.  
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Figure 2.7 Graph of Radiant Exposure versus Peak Stress (from [15]) 
 
 
The pressure values reported in [11] are consistent with those obtained in other experimental 
work described in [22] and [23]. For example, Figure 2.8 shows data from [23].  The pressure 
generated at the ablation threshold of about 80 mJ/cm2 is around 1 MPa, which is similar to the 
value in Figure 2.7. If the graph in Figure 2.8 is extrapolated to 1000 mJ/cm2, the pressure 
generated will be about 100 MPa which again is about the same as in Figure 2.7. 
 
 
Figure 2.8 Peak amplitude of the stress wave as a function of fluence for polyimide film 
irradiated with the 308 nm and 193 nm lasers (from [23]) 
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There are several other factors that have been considered in determining how laser irradiation 
might affect the generation of pressure pulses, such as the laser spot size, material thickness, 
pulse width and laser wavelength. An experiment had been conducted to study the effect of laser 
spot size on the peak stresses over the fluence range 3 mJ/cm2 to 100 J/cm2 [15]. The results 
showed that the peak stresses did not change with spot size. The experiment also determined that 
the peak stress measured was not influenced by changing the thickness of the polyimide between 
25 µm and 125 µm. Therefore, it can be understood that the peak stress does not attenuate with 
different material thickness for this small ranges of thicknesses. However, the peak stresses in 
thicker material (6.4 mm to 50.8 mm thick) may be influenced as stronger signal has been 
observed in thinner specimens (6.4 mm thick) when compared to thicker material (50.8 mm) 
[24].  
In terms of laser pulse width, it is often assumed that shorter pulse width will produce higher 
peak pressure [25]. According to [26], a pulse width of 0.6 ns may produce a peak pressure up to 
10 GPa in confined laser ablation, while for a longer pulse duration of 25 ns the maximum peak 
pressure is limited to 5 GPa. On the other hand, when comparing femtosecond and nanosecond 
lasers [27], it has been shown that longer pulse width produces higher peak stress as can be seen 
in Figures 2.9a and 2.9b. In this case it can also be seen that the maximum occurs at higher 
fluence level for the longer pulse laser. For different wavelengths of laser irradiation, only a slight 
variation in the peak pressure is observed [15].  
 
Figure 2.9 Peak stress as a function of fluence for (a) femtosecond laser and  
(b) nanosecond laser (from [27]) 
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2.3.2 Pressure versus displacement 
 
Both thermoelastic expansion and ablation can generate surface displacement. However, in the 
thermoelastic regime, since the pressure generated is very low, the displacement observed is often 
in the picometer or femtometer regions [13]. This displacement is insufficient to generate enough 
vibration to establish flip-chip bonding. Therefore, generation of displacement in the ablation 
region is much more of interest. 
In the laser ablation of polymers, the vibration amplitude may reach up to 1 µm, as is likely to 
be required for flip-chip bonding [16]. Even though previous experimental work was limited to 
other polymer materials besides polyimide, most notably polystyrene and 
polymethylmethacrylate (PMMA), it is reasonable to assume that polyimide will behave in a 
similar fashion.  There is no clear evidence in previous work of how much pressure is required 
to generate such displacement, although it is stated that the pressure should be in the GPa range. 
There have been several researches which highlighted the relationship between the pressure and 
the displacement [24][28], but these were for different types of material and at different (nm) 
displacement scales. For the materials investigated, which include aluminium, mild steel and 
copper, it has been shown that higher power density will generate higher back surface 
displacement. At the same time, as noted in the previous section, higher laser density will induce 
higher peak stress or pressure.  
 
 
2.3.3 Confined ablation 
 
There are many researches that have been done in the area of confined ablation to study the effect 
it produces [15][26][29][30]. The major effect which is most agreed by most researchers in this 
field is the enhancement of the stress wave in the material which undergoes confined ablation, 
and several researches have shown that confined ablation may produce a stress wave which is 
more than 10 times higher than in normal ablation [15][30].  Most of the time, this effect is 
unwanted as it may cause significant damage to the irradiated material [15]. However, it may 
also have great advantage, especially when higher amplitude is needed as in certain metallurgical 
applications [26].   
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The media most commonly used to provide confinement in the confined ablation method are 
water [21][31] and glass [20][26][29][30]. It is stated in [31] that the stress wave amplitude of a 
target is increased by a factor of ten when it is immersed in water. This stress wave generated in 
water confinement does not depend on the immersion depth as long as it is more than 3 mm in 
depth. It is suggested by [31] that the increase in the amplitude of the stress wave is due to plasma 
expansion against an incompressible medium (water) where this plasma expansion has to endure 
a critical static pressure before it can be effectively confined by the surrounding medium. 
Nevertheless, more research has been done using a transparent glass layer for confinement as this 
tends to be more practical than using water.  
For the glass confinement arrangement where the glass as a cover layer is not rigidly fixed (the 
target material is allowed to separate from the cover layer), there are three steps that govern the 
processes which are [26]:  
1) During the laser pulse, the pressure generated by the plasma induces a shock wave 
which propagates into the target and the confining material. 
2) When the laser is switched off, the plasma still maintains a pressure which decreases 
as it cools. During these two steps, the target acquires an impulse momentum due to 
the induced shock wave. 
3) Finally, for longer times, after the complete recombination of the plasma, the "canon-
ball-like" expansion of the heated gas inside the interface; causing the interfaces to be 
separated; adds more momentum to the target.  
 
During the first stage of the laser pulse irradiation, the deposited energy at the interface between 
the confined geometry and the target heats the targeted area causing it to vaporized and ionized 
into plasma. However, the expansion of this plasma is impeded by the confined geometry, thus 
more laser energy is absorbed at the plasma layer causing the pressure to increase [26]. This 
higher pressure pulse is then dispersed into both mediums. As oppose to direct ablation, some of 
the energy is not contained but freely dispersed into the air through plasma expansion. This 
explains why pressure generated during the confined ablation has greater magnitude than in 
normal ablation.  
The generation of plasma in confined ablation and normal ablation are illustrated in Figure 2.10 
and Figure 2.11 [29].  
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Figure 2.10 Direct ablation (from [29])       Figure 2.11 Confined ablation (from[29]) 
 
It can be seen that the plasma is formed at the interface between the target material and the 
transparent overlay which cause the plasma to maintain its pressure for a longer period of time.  
The pressure generated in the confined ablation acts both on the target material and the 
transparent layer and by considering a simple situation where a constant laser intensity, I with a 
pulse duration, τp is applied, it can be found by Equation 2.3 that [29]: 
 
                 𝜌𝑐(𝑃𝑎) = 10
3 x (
𝛼
2𝛼+3
)
0.5
x 𝑍0.5(𝑔. 𝑐𝑚−2𝑠) x 𝐼0.5(𝐺𝑊. 𝑐𝑚−2)                (2.3) 
 
where 𝛼 is the constant ratio between thermal energy, 𝐸𝑇(𝑡), and internal energy, 𝐸𝐼(𝑡). 
(1 − 𝛼)𝐸𝐼(𝑡) is the energy used for gas ionization, 𝛼 is between 0.1 and 0.25 from typical 
experimental result, 𝐼 is the laser intensity and Z is the reduced acoustic impedance which can be 
found by the Equation (2.4). 
                                                                     
2
𝑍
=
1
𝑍1
+
1
𝑍2
                                                       (2.4) 
 
where 𝑍1 and 𝑍2 are acoustic impedances for the transparent material and target material, 
respectively.  
Besides generating higher transient pressure, confined ablation also generally leads to a 
significantly higher coupling coefficient [30]. The coupling coefficient is defined as the ratio of 
the mechanical impulse received by the target to the incident laser energy. Among the factors 
that may affect the coupling coefficient are the laser energy, the confinement gap width between 
the target and the cover layer, the presence or not of a cavity in the target material and the 
thickness of the cover layer.  
 32 
 
In confined ablation method, the coupling coefficient depends strongly on the laser energy 
increasing with the laser intensity as shown in Figure 2.12 [20]. The higher coupling coefficient 
is a result of confining the plasma between the target and the overlay. [30].  
 
Figure 2.12 Dependence of the coupling coefficient on the laser intensity for the direct 
ablation, confined ablation and confined ablation with vacuum grease on the target layer 
interface of a 2mm thick aluminium irradiated with 7ns (532 nm wavelength) (from [20]) 
 
 
The relationship between the confinement gap width (between the target and its cover layer) and 
coupling coefficient in confined ablation of aluminium can be understood from Figure 2.13 [30]. 
It can be seen that the coupling coefficient exponentially decreases as the gap width increases. If 
the gap is too wide, the effect of confinement is not obvious as the coupling coefficient is nearly 
the same as in direct ablation.  
 
Figure 2.13 Graph of gap width versus coupling coefficient (from [30]) 
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The measured variation of coupling coefficient with gap in [30] was found to be well described 
by the following equation: 
                                                                    𝐶𝑚 = 20.29𝑒
−𝑑
0.53⁄                                              (2.5) 
 
where 𝐶𝑚 is the coupling coefficient and d (mm) is the gap width between the cover layer and 
the target surface. However, there is no reason to assume that this equation can be used to 
determine the pressure for other materials or for different scales such as at micro or nano scale.  
To enhance the coupling coefficient in the normal ablation regime, a cavity in a target material 
was introduced [31]. It was found that a narrow cavity produced more target momentum than a 
wider cavity, as shown in Figure 2.14. For a cavity depth of 2 mm and diameter of 1 mm in 
aluminium, the coupling coefficient was doubled compared to that of a planar sample. The reason 
for this enhancement is due to the reflected laser energy being absorbed by the walls of the cavity, 
which added more energy to the generation of plasma. However, when the cavity is confined, the 
effect is further enhanced up to 10 times [31].  
 
 
 
Figure 2.14 Dependence of coupling coefficient on laser energy for 1mm diameter cavity 
(open squares), 2mm diameter cavity (open circles) and  
planar target (closed circles) (from [31]) 
 
Regarding the thickness of the cover layer, the layer may fracture if it is too thin, and if it is too 
thick a part of laser energy may be absorbed or scattered inside the cover layer, thus affecting the 
coupling coefficient. Figure 2.15 shows how the coupling coefficient varies with different 
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(transparent glass) cover layer thickness for two different laser intensities with laser pulses (532 
nm wavelength, 7 ns duration) focused on the target surface of an aluminium plate with a size of 
9 mm x 11 mm x 2 mm [31]. At the higher intensity of 1.91 x 1010 W/cm2, a thickness of 0.5 mm 
is too thin as the cover layer is easily broken; as a result, the coupling coefficient is low. For the 
lower intensity of 3.87 x 109 W/cm2, a thickness ranging from 0.5 mm to 3.0 mm is suitable for 
confinement even though some damage may occur at the back surface of the glass. However, 
further research is needed for the micro-scale application as the current cover layer thickness 
researched in [31] is in the millimetre range.  
 
 
Figure 2.15 Effect of cover layer thickness on coupling coefficient for  
different laser intensities (from [31]) 
 
Besides the thickness of the confinement layer, the thickness of the target material under confined 
ablation may also affect the coupling coefficient. As can be seen in Figure 2.16, the maximum 
pressure attenuates with target material thickness. For copper and aluminium as target materials, 
the maximum pressure for 40 µm thick foil are about 3 Kbar and 3.5 Kbar respectively, while for 
200 µm thick foil are a bit lower at about 1.5 Kbar and 2.1 Kbar respectively. This attenuation 
effects are mainly caused by the weakening of shock wave over time which is due to the release 
wave from the front surface of the target. Additionally, thinner foil is believed to have higher 
maximum pressure due to the back and forth reflections of pressure between two boundaries of 
the target material, which consequently increases the maximum pressure. For the case of direct 
ablation, the effect of target material thickness is negligble as the maximum pressure remains the 
same in both thicker and thinner target materials [32] 
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Figure 2.16 Maximum pressure versus thickness for copper and aluminium foils (from [32]) 
 
Other factors that might affects the coupling coefficient are the dieletric breakdown threshold 
and the surface quality. A dielectric material, such as glass, which is transparent to the laser 
radiation has low absorption coefficent (10-5 to 10-1 cm-1). However, when certain level of laser 
intensity reaches the dielectric breakdown threshold, it becomes opaque, limiting the 
transmission of the laser energy to the target material [33]. As a result, the stress wave inside the 
target material will be attenuated. 
 
Table 2.2 Breakdown threshold for fused silica as a function of laser pulse duration at a 
wavelength of 1.06 µm (from [33]) 
 
The breakdown threshold is mostly affected by the laser pulse duration as tabulated in Table 2.2. 
For longer pulse duration, the breakdown threshold is more likely to be reached as compare to 
the shorter laser pulse [33]. Therefore, it is suggested to use a shorter laser pulse duration to avoid 
ablating beyond the dieletric breakdown threshold. 
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For the surface condition of the confining material, the breakdown threshold would be the same 
as for the case of the bulk breakdown threshold if the surface is clear. However, the surface might 
damages more easily than the bulk if it is imperfect [33], thus affecting the transmission of the 
laser energy to the target material.  
Generally, it can be summarised that confined ablation leads to higher plasma pressure when 
compared to direct ablation and it also prolongs the duration of the pressure transient. Both of 
these factors contribute significantly to the increased of the coupling coefficient.  
 
2.3.4 Pressure propagation 
 
During the laser ablation process, the pressure due to the recoil momentum acts normal to the 
surface of the target, unlike the stress generated by thermoelastic expansion which is 
predominantly parallel to the target surface. This behaviour is illustrated in Figure 2.17.  
 
Figure 2.17 Laser generation of ultrasound in (a) thermoelastic regime 
and (b) ablation regime (from [34]) 
 
 
Due to this property, the laser ablation induced pressure will travel longitudinally through the 
material and can be detected directly at the epicentral region, which is opposite the irradiated 
site. The typical shape of the pressure pulse which is normally produced by excimer laser ablation 
is as in Figure 2.18 which shows a pulse duration of about 200 ns [35].   
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Figure 2.18 Typical shape of acoustic pulse generated in polyimide by xenon–chloride (XeCl, 
308 nm) excimer laser ablation with long pulse duration of 100 ns.[35] 
 
For laser ablation of polyimide, the stress transient generated by irradiation at 308 nm of a 125 
µm thick sample is shown in Figure 2.19, where the duration of the generated pressure pulse is 
about 100 ns [15]. The presence of a secondary weaker pulse indicates the existence of reflection 
at a boundary 
 
Figure 2.19 Transducer signal generated by irradiation at 308 nm of 125 µm thick polyimide 
for radiant exposures of 34 (top) and 18 mJ/cm2 (bottom) [15] 
 
During normal ablation, a compression wave are generated and propagated into a target material. 
Eventually, this propagating wave will reach the back side of the material and cause reverse 
reflection if the interface are between the material and air. As a result, this reflection makes the 
wave changes its sign to negative and propagates back into the target material as shown in Figure 
2.20. Thus, the wave propagating into the target material has a bipolar shape. But if the interface 
is rigid as in the boundary of a copper and gold or in the boundary of similar materials, the wave 
is unipolar shape as in Figure 2.21. 
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    Figure 2.20 Bipolar stress wave (from [36])    Figure 2.21 Unipolar stress wave (from [36]) 
 
 
The particle velocity in the wave is related to the pressure as follows [36]:    
                                                        𝑃 =  𝜌. 𝑣. 𝑐                                                             (2.6) 
                                                         where 𝑃 = Pressure 
           𝜌  = Density 
           𝑐 = Speed of sound 
       v  = Particle velocity 
 
The speed of sound in a material can be calculated using the equation:  
                                                                   𝑐 =  (𝐵 𝜌⁄ )0.5                                                          (2.7) 
where B is the bulk modulus of the material.  
 
In the case of a sinusoidal wave, the displacement, d, in the material caused by the pressure wave 
can be found from the particle velocity using the equation below:   
                                                                     𝑑 =  𝑣 2𝜋𝑓 ⁄                (2.8) 
where f is the frequency of the wave. 
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2.3.5 Thermal characteristics  
 
The method of ultrasound generation proposed in this work is based on the ablation of a sacrificial 
material (the carrier tape in Figure 1.1) confined by a transparent overlay (the bond head). Unlike 
conventional ultrasound generation for thermosonic bonding, the proposed approach will 
inevitably lead to some thermal loading at the bond head, and it is important to consider the 
possible effects this may have.  
The most important consideration is that the temperature around the ablation site may rise 
substantially over time if the heat deposited by each laser pulse is not fully dissipated before the 
start of next pulse. There are several factors that will influence the heat accumulation in the 
Poyimide layer including the laser fluence, laser wavelength and laser repetition rate.  
When the laser fluence is below the ablation threshold of the sacrificial material, all of the 
absorbed energy will be converted into heat [37]. This heat will accumulate over successive laser 
pulses and might cause thermal damage to the sacrificial material. For the case of laser ablation, 
most of the laser energy will be used to convert the ablated material into debris or plume, leaving 
small traces of heat to be cooled down [26]. However, in the case of confined ablation, most of 
the energy remain in the trapped debris which is not free to disperse. As a result, the heat might 
accumulated upon successive laser pulses. 
The optical absorption coefficient also plays a significant role in heat accumulation. The ablation 
threshold for a material will be higher if it has a small absorption coefficient. In the case of 
polyimide, the absorption coefficient depends on the laser wavelength, with longer wavelengths 
having smaller absorption coefficients and higher ablation thresholds. For example, the ablation 
threshold for 355 nm laser wavelength is 100 mJ/cm2 compared to 45 mJ/cm2 and 36 mJ/cm2 for 
308 and 248 nm laser wavelengths respectively [37].  Since the absorption coefficient at longer 
wavelength is smaller, the heat absorption rate becomes slower. As a result, the heat might have 
not cooled down before the arrival of the next pulse. 
Heat accumulation is likely to be more of an issue at higher repetition rates. This is illustrated in 
Figure 2.22 which shows temperature profiles for polyimide ablation at 1 and 10 kHz repetition 
rates. As can be seen, at the higher repetition rates (10 kHz), the temperature increment for 355 
nm wavelength has not decayed to zero before the next pulse. As a result, the heat will accumulate 
as more pulses are irradiated, potentially causing damage to the sacrificial material. 
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a) b) 
Figure 2.22 Temperature profiles for polyimide ablation at 
a) 1 kHz and b) 10 kHz(from [37]) 
 
 
Even if heat accumulation does not lead to damage in the sacrificial material, higher initial 
temperature at the beginning of each pulse is likely to lead to higher etch rate [38]. For the 
proposed process, which relies on not machining right through the sacrificial material, higher 
etch rate means a reduction in the maximum processing time, and if the resulting processing time 
is insufficient this may lead to incomplete bonding.  
Another important thermal characteristic that needs to be considered is the depth to which the 
thermal effect might influence the ablated material. If there is significant heat accumulation at 
the ablation site, this may lead (by thermal diffusion) to an unacceptable temperature rise at the 
opposite side of the sacrificial material which is in contact with the substrate. It is reported that, 
for a 355 nm Q-switched laser irradiating polyimide at the ablation threshold of 100 mJ/cm2, the 
temperature increment might reach 671 ºC, 151 ºC, 23.5 ºC, 3.3 ºC and 0.5 ºC at depths of 0 µm, 
1 µm, 2 µm, 3 µm and 4 µm respectively [37].  The graph in Figure 2.23 shows the temperature 
profile from 10 µs to 1 s after irradiating polyimide at 355 nm laser pulse energy of 10 µJ at 20 
µm laser spot size diameter [38]. In this case the maximum temperature increment at a depth of 
4 µm is around 50 ºC which is still modest. For higher laser fluence, it is expected that these 
increments will become proportionately larger. Nevertheless, the results suggest that temperature 
rise at the substrate should not be an issue if the sacrificial material is more than several microns 
thick. 
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Figure 2.23 Depth profile of temperature in polyimide (PI) 10 µs to 1 s after irradiation  
with a 10 µJ pulse (20 µm spot size diameter) at 355 nm wavelength (from [38]) 
 
A further consequence of heat accumulation, illustrated by the simulation result in Figure 2.24 is 
that the diameter of the ablation site will increase after multiple pulses even though the focal spot 
is kept constant. This effect can also be observed in the experimental result shown in Figure 2.25. 
 
Figure 2.24 Simulated surface profile for multiple 10 µJ laser pulses (from [38]) 
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Figure 2.25 Laser drilled holes ranging from 1 shot to 30 shots (from [38]) 
 
 
The increased in the diameter of the laser ablation sites upon successive laser pulses might affect 
nearby ablation spots especially when the pitch distance of a flip-chip interconnects is relatively 
very short. Therefore, the determination of the laser focal spot size for the confined laser ablation 
need to be considered. 
 
 2.4 Ultrasonic vibration detection methods 
 
There are several methods that are being used to measure ultrasonic vibration with emphasis on 
investigating the displacement and frequency. Since flip-chip bonding is a micro-scale process, 
the use of a high resolution sensor is essential. The most widely used vibration detection methods 
make use of either a piezoelectric transducer, a laser Doppler vibrometer or a CCD camera. 
However, the vibrometer has the capability of finer resolution compared to the two other 
methods, down to 1 pm of displacement [39]. 
The use of vibrometers for ultrasonic vibration detection is based on very fine resolution optical 
detection methods. Among the famous optical detection methods used are Fabry-Pérot 
interferometers [40] and Michelson interferometers [41][42]. The waveform signals from these 
sensors need to be further processed and analysed to extract the displacement and frequency 
values. Among the processes required are Hanning windowing, averaging and fast fourier 
transform (FFT) analysis [23].  All these processes can be simplified by the use of high-end 
software such as VibSoft [41] or by using the scientific and engineering software tools such as 
Matlab and LabView.  
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Vibrometers can be used for both out-plane measurement and in-plane measurement [8]. Out-
plane measurement is used to measure vibration parallel to the optical axis of the vibrometer, 
while in-plane measurement is for vibration normal to the vibrometer axis. Figure 2.26 shows 
the application of out-plane and in-plane vibrometers in measuring the chip displacement in 
transverse and longitudinal flip-chip bonding. For the proposed flip-chip bonding process based 
on laser-generated ultrasound, since the direction of motion is longitudinal, an in-plane 
vibrometer should be used if the measurement is to be made from the side. 
 
Figure 2.26 Measuring vibration using out-plane and in-plane vibrometers (from [8]) 
 
However, the process of measuring ultrasonic vibration at sub-mm scales in a tight space is very 
challenging.  The vibration measurement in [8] used a Polytec vibrometer to measure the 
vibration of entire chips, which is feasible. The Polytec vibrometer is capable to measure 
vibration over a spot area down to 25 µm diameter [39]. Unfortunately, for the flip chip bonding 
using laser ultrasonic application, since the vibration is channelled individually to each target 
(bump and pad), the measurement seems impossible especially when the dimension of bump or 
pad is less than 25 µm in height or width (diameter).  One of the possible solutions to establish 
this measurement is by using the out-of-plane vibrometer that will measure the interconnect 
vibration through a transparent dummy chip. 
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3. MODELLING AND SIMULATION 
 
This chapter presents the modelling and simulation, using COMSOL Multiphysics modelling 
software, of pressure propagation through a structure consisting of sacrificial material layer, flex-
substrate layer, pads and bumps sandwiched between a glass layer and a chip. The interaction 
between the pressure and the displacement of the structures, which mimics the vibration of the 
ultrasonic vibration transducer, will be studied. Two modules have been used in this modelling 
which are the pressure acoustic module and the plane stress module. The pressure acoustic 
module will be used to investigate the characteristics of the pressure propagation inside a 
multilayer sandwich structure of a flip-chip assembly while the plane stress module will be used 
to determine the displacement of the structure at the bonding interface. This modelling work was 
later used as one of the key references in setting up initial parameters for the experimental work 
as reported in Chapter 5.  
 
 
3.1   System set-up 
 
The main objective of this modelling work is to simulate the resulting vibration that is generated 
at the interface between a bump and a pad and to study its effect on nearby interconnects. Since 
the point of investigation is to study the vibration at the bonding interface, a 2-Dimensional (2D) 
modelling is sufficient. Hence, the system to be modelled and simulated consists of a sandwich 
structure as shown in Figure 3.1. However, to ensure the validity of this modelling work, a 
different but nearly similar model which represent an actual [16] [19] configuration of the 
multilayer structure had initially been tested and verified since there is no similar modelling work 
been reported. Hence, the modelling work in this study was carried out based on this verified 
model as reported in Appendix A. The work also focuses on simulating the transient pressure 
induced at various points in the structure by confined ablation of a polyimide sacrificial material. 
In the model, a silica glass window is used as a confinement material, forming the top layer in 
the sandwich structure. The structure of the flex-substrate with pads and the silicon chip with 
bumps are based on the work in [43].  For the dimensions of the chip and the glass layer, they 
are smaller than they would be in practice as the modelling is only intended to study the 
interaction at their interfacing layers. Furthermore, it will reduce the computational burden of the 
software by reducing the volume of the materials used in modelling. From additional modelling 
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results as reported in Appendix B, it shows that the effects of enlarging the model size is 
negligible to the investigated result (discussed in section 3.3) and further computational time is 
needed for larger model.  
Table 3.1 summarised the material parameters and key dimensions of the various layers in the 
model.  A silicon chip with 5 bumps are stacked together with a 5 pads polyimide substrate (the 
numbers of bumps and pads do not represent the actual number used in [43]). The centre-centre 
spacing between adjacent interconnects is 100 m (pitch size). Above the substrate layer is the 
sacrificial polyimide layer and silica glass as the confinement material. In addition, based on the 
findings in [31] (see Figure 2.13 and associated text), a cavity is included between the upper glass 
layer and the sacrificial layer with a view to increasing the displacement amplitude of the 
structure.  
From the enlarged view in Figure 3.1, the point of interconnection between the bump on the 
silicon chip and the pad on the flex substrate is at the boundary of the gold-to-gold 
interconnection.  
 
Figure 3.1 Basic structure used in modelling 
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Table 3.1 Material dimensions and properties 
Structure Material Dimension 
Density, 
ρ 
(kg/m3) 
Speed of 
sound, c 
(m/s) 
Young’s 
Modulus, 
E (GPa) 
Acoustic 
impedance, 
Z (Pa.s/m) 
Confinement  Silica glass 100 µm thick 2203 5760 73.1 12.7 x 106 
Cavity Air 100 µm x 1 µm 1.25 343 N/A 429 
Sacrificial 
layer 
Polyimide 75 µm thick 1300 1544 3.1 2.0 x 106 
Substrate 
layer 
Polyimide 38 µm thick 1300 1544 3.1 2.0 x 106 
Pad on 
substrate 
Copper 70 µm x 8 µm 8700 3556 110 30.9 x 106 
Nickel 70 µm x 4 µm 8900 4900 219 43.6 x 106 
Gold 70 µm x 0.8 µm 19300 2030 70 39.2 x 106 
Bump on chip Gold 70 µm x 1 µm 19300 2030 70 39.2 x 106 
Nickel 70 µm x 4 µm 8900 4900 219 43.6 x 106 
Chip Silicon 100 µm thick 2330 7498 131 17.5 x 106 
 
 
3.2  Boundary settings for pressure acoustic and plane stress modules 
 
Based on the structure in Figure 3.1, the outer boundary as shown in Figure 3.2 is set as 
impedance boundary condition which is represented by the red lines. In this case, the impedance 
boundary condition is set as air impedance with impedance value of 428.75 Pa/ms-1. The 
boundaries within the modelling structure are represented by the blue line and the pressure line 
is represented by the green line.  
The model was tested by applying a pressure pulse along a single line which represents the 
surface of the cavity as shown in Figure 3.2. Initially, the pressure profile is set with peak pressure 
of 100 MPa and with pulse width of 100 ns to represent the pressure generated by laser irradiance 
at the cavity surface. It is based on the pressure profile generated in [15] using laser fluence of 
100 mJ/cm2 for normal polyimide ablation threshold.  
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Figure 3.2 Boundary settings for pressure acoustics 
 
The pressure profile in Figure 3.3 is based on a Gaussian function as in Equation (3.1) where 𝑃 
= peak pressure, 𝑡 = time, 𝑡𝑝= peak time and 𝜏 = pulse width at 1/e^2 intensity. 
𝑃(𝑡) = 𝑃 x 𝑒(
−(𝑡−𝑡𝑝)
2
2𝜏2
)
                                       (3.1) 
 
 
Figure 3.3 Pressure source profile 
          (s) 
Cavity 
Bump and pad 
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In Figure 3.2, the surrounding boundaries of the structure are set as Impedance boundary 
condition using Equation (3.2), where Z is impedance value, ρ is the density and c is the speed 
of sound. In this condition, the pressure waves can interact with the surroundings at the system 
boundary where attenuation may occur.  
                                      𝑍 =  𝜌𝑐                  (3.2) 
The interfaces between connecting layers are set as continuity layers, which expresses the 
continuity of the normal acceleration of pressure propagation. In this case, there will be no direct 
effects on the acoustic pressure field.  
The boundary setting for the pressure pulse in the plane stress module can be set by specifying 
the direction of a force over a specific area which also means a pressure is being exerted in a 
specific direction.   The specified pressure profile is exactly the same as in the pressure acoustic 
module but it is set in the negative direction (global coordinate) where the pressure is propagating 
into the polyimide, bump, pad and chip structures. Two planes are fixed, the top of the glass layer 
and the bottom of the silicon chip layer. Other layers are set as free movement as shown in Figure 
3.4. 
 
 Figure 3.4 Boundary settings for plane stress 
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The solver parameters are set as in Figure 3.5. The type of analysis for both modules is Transient, 
with Time dependent as the solver. The range of the solver is set from 0 to 1 µs with step size of 
5 ns.  
 
 Figure 3.5 Solver parameters 
 
 
Before running the simulation, a mesh for the model’s structure needs to be initialized first.  
Using extra fine predefined mesh size as in Figure 3.6, the resulting mesh is shown in Figure 3.7. 
Other predefined mesh size can also be used to study the effects of different mesh size on the 
pressure propagation through the structure or the resulting displacement at the point of interest, 
nevertheless, the selected extra fine mesh size should provide better result than other predefined 
mesh size.  
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Figure 3.6 Free mesh parameters setup using extra fine predefined mesh size 
 
 
 
    
 
 
Figure 3.7 Generated mesh for extra fine predefined mesh size 
 
 
 
 
20 µm 
20 µm 
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3.3 Simulation results and discussion 
 
The simulation of this model was performed and the pressure propagation through the layers is 
shown in the graph of Figure 3.8. In this graph, 5 points of pressure are being probed as shown 
in Figure 3.9. From this graph, it can be seen that as the 100 MPa pressure propagates through 
the polyimide layers, its amplitude decreases down to approximately 65 MPa at the polyimide-
copper boundary. As the pressure propagates further into the copper and nickel layers of the 
substrate pad, it attenuates drastically down to just 30 MPa and further attenuate to 15 MPa as it 
reaches the silicon chip layer.  
The attenuation of the pressure wave as it propagate through different medium is determined by 
the reflection coefficient. This reflection coefficient depends heavily on the impedance of the 
material it propagates into. The bigger the impedance mismatch is, the higher the percentage of 
energy will be reflected at the boundary or interface between two medium. The reflection 
coefficient can be calculated by using Equation 3.3 [44]. 
                                                                 𝑅 =  (
𝑍2−𝑍1
𝑍2+𝑍1
)
2
                                                         (3.3) 
where R is the reflective coefficient, and Z1 and Z2 is the material impedances at the boundary. 
Since the impedance mismatch between polyimide and copper are large, the magnitude of the 
pressure that will be reflected will be high, therefore it will attenuate greatly the pressure wave 
as it enters the copper layer. As for the decreasing pressure as the pressure moves through one 
polyimide layer to another polyimide layer, since there is no impedance mismatch, the 
attenuation effect is probably caused by the dispersion of the wave through the medium.  
The graph in Figure 3.8 also shows the emergence of reflecting pressure waves at the interface 
between the polyimide layer and the copper layer at about 0.18 µs. This reflective pressure wave 
is in reverse polarity due to the reflection at the silicon-air boundary as discussed in Chapter 2.1 
and illustrated in Figure 2.18. Finally, the latter pressure waves might be the products of multiple 
reflection ricocheting inside the structure.  
In case for the bipolar wave that emerges at point 2 in Figure 3.8, it is believed that rarefaction 
might have occurred slightly before the reflective pressure wave, thus combining together as a 
bipolar wave. This effect might have occurred due to the wider width of the propagating pressure 
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pulse through a thin layer polyimide and it can be distinguished easily if the propagating distance 
between point 2 and the reflecting point is greater as exhibit in Appendix C.  
 
 Figure 3.8 Pressure versus time graph for 100 MPa pressure pulse 
 
 
 
Figure 3.9 Pressure probe points 
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The interaction of the pressure waves within the layers will also affect the particle displacement 
of the layers. A probe point, which correspond to point 4 in Figure 3.9, was created at the bump-
pad gold interface in the structure (Figure 3.10) to see how the pressure may affect the magnitude 
of the displacements. This point is chosen to be investigated as it simulates the bonding vibration 
which will occur in the longitudinal thermosonic bonding process [10].  
 
 Figure 3.10 Displacement probe point 
 
Figure 3.11 shows the displacement produced over a 20 µs interval by applying a 100 MPa 
pressure pulse. To avoid unnecessary superposition in the generation of vibration over the 60 
kHz laser repetition rate, the vibration generated by a single pressure pulse should be settled 
before 16.67 µs as another laser pulse will irradiate the target material during this time. As can 
be seen in Figure 3.11, the generated vibration amplitude is just 5.6 nm at point 1 in the 1 µs 
interval. However, it should be noted that the displacement amplitude in this graph does not 
represent the actual amplitude as the time-step taken in the solver is set loosely at about 100 ns 
to ease the computation burden when solving over 20 µs duration. Nevertheless, this graph 
( Point 1 ) 
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provide essential information to show that the ringing effect of the vibration may be considered 
negligible as it reaches the critical 16 µs time where another vibration should already started. 
Therefore, the vibration effect is expected to be minimised during the irradiation process.  
 
Figure 3.11 Displacement versus time graph for 100 MPa pressure pulse at  
probe point in Figure 3.10 
 
To obtain a more accurate estimate of the displacement generated by a single pressure pulse, the 
time-step in the solver was set to 5 ns, leading to the result is shown in Figure 3.12. It can be 
observed that the displacement at the probe point is about 0.12 µm for a 100 MPa pressure pulse, 
where the negative sign of the initial displacement indicates that it is downward. From Figure 
2.3(b) in the previous chapter, it can be seen that in conventional TSFC bonding the vibration 
amplitude of the bonding tool is normally around 1.0 µm, while the vibration that occurs at the 
chip is only about half of this i.e. ~0.5 µm. It can be assumed that the vibration at the bonding 
interface follows the vibration of the chip, thus the required vibration amplitude at the bonding 
interface should at least equal to 0.5 µm to establish successful flip-chip bonding.  
Even though the vibration amplitude predicted by the simulations is slightly lower than the value 
used in established flip-chip bonding, the results suggest that if the pressure pulse amplitude can 
be increased by a factor of 2-3, bonding may be achieved.  
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 Figure 3.12 Displacement versus time graph at bonding interface for a 100 MPa pressure 
pulse, over a time interval of 0.5 µs 
 
 
From this modelling, it appears that a pressure of 100 MPa is not capable to generate a sufficient 
displacement of 0.5 µm at the bonding interface for successful ultrasonic bonding. To investigate 
and further understand the principle of how pressure and displacement may affect the structure, 
some tests and modifications to the model have been made and simulated. The tests, the 
modifications and their simulation results are discussed in the next section. 
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3.4 Tests, modifications and further simulation results 
 
The previous section has highlighted the incapability of the pressure pulse at 100 MPa to generate 
enough displacement amplitude at the gold-to-gold bonding interface of the modelled structure. 
Therefore, several tests and modifications to the original structure have been made which include 
varying the pressure pulse magnitude, optimising the cavity size and changing the sacrificial 
material. Further tests on the effect of applying pressure on all targets simultaneously have also 
been made to investigate the vibration characteristics as compared to pressure application on a 
single target. 
 
 
3.4.1 Varying pressure pulse magnitude 
 
Graph in Figure 3.13 is the simulated result of applying pressure at 500 MPa along a 100 µm 
cavity width as shown in Figure 3.1. Two probe points, which are based on Figure 3.9, have been 
measured to show the original pressure being applied (Point 1) and to acquire the resulting 
pressure at the bonding interface (Point 4). It can be seen that by applying pressure magnitude of 
500 MPa for a 100 µm cavity width, the resulting pressure at the bonding interface has reduced 
to 145 MPa. By comparing this graph with the resulting pressure pulse in the initial test shown 
in Figure 3.8, the resulting pressure has increased up to 5 times from 29 MPa which agrees with 
the increment of the pressure pulse by 5 times from 100 MPa to 500 MPa.   
For the resulting vibration amplitude, it has shown an increment from 0.12 µm (Figure 3.8) to 
0.60 µm (Figure 3.14) which is 5 times the original value. Since the resulting vibration amplitude 
at the bonding interface is more than 0.5 µm, it can be assumed that pressure pulse applied at 500 
MPa should be capable enough to establish flip-chip bonding.   
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Figure 3.13 Pressure versus time graph for 500 MPa pressure pulse at  
probe points in Figure 3.9 
 
 
 
Figure 3.14 Displacement versus time graph at bonding interface for a 500 MPa pressure pulse 
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To further investigate the relationship of the applied pressure pulse with resulting pressure and 
vibration amplitude at the bonding interface, the applied pressure pulse is further doubled to 1 
GPa with the cavity width remains unchanged. As expected, the resulting pressure at the bonding 
interface has also doubled to 290 MPa from previous test. The resulting vibration has also 
produced an expected value of 1.2 µm amplitude, which is the doubled value from the previous 
test.  
From these tests, it can be concluded that the applied pressure will be attenuated up to 71% when 
it reaches the gold to gold bonding interface. The graph in Figure 3.15 illustrate the relationship 
between the applied pressure and the resulting pressure at the bonding interface. 
 
 
 
 
  
 
 
 
Figure 3.15 Graph of applied pressure versus resulting pressure at bonding interface 
 
From the graph in Figure 3.15, it can be deduced that the relationship between the applied 
pressure and the resulting pressure at the bonding interface for the structure shown in Figure 3.1 
is directly proportional and can be represented by the following Equation (3.4) where Pa is the 
initial applied pressure and Pi is the resulting pressure at the bonding interface. 
 
𝑃𝑖 = 0.29𝑃𝑎                                                 (3.4) 
 
To determine the relationship of the resulting vibration displacement amplitude at the bonding 
interface and the applied pressure, the graph in Figure 3.16 was constructed.  
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Figure 3.16 Graph of applied pressure versus vibration amplitude at bonding interface 
 
From the graph in Figure 3.16, it shows that the resulting vibration amplitude is also directly 
proportional to the applied pressure which can be represented by the following Equation (3.5) 
where d is the maximum displacement amplitude of the resulting vibration, Pa is the applied 
pressure and k is the constant used for this model. The calculated value of k for this model is 
0.0012 µm/MPa.    
𝑑 = 𝑘𝑃𝑎                   (3.5)    
             
By using Equation (3.5), the approximate value of pressure needed to generate sufficient 
vibration amplitude for the flip-chip bonding can be estimated. 
 
3.4.2 Optimising pressure pulse cavity size  
 
To investigate the effect the cavity size and shape on the generated vibration amplitude, 
simulations were run with different combinations of cavity width and depth. The variation of 
vibration amplitude with cavity width for a pressure pulse amplitude of 1 GPa is summarised in 
Table 3.2 and the corresponding graphs are shown in Appendix D. In these simulations, the cavity 
depth was fixed at 1 µm. 
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Table 3.2 Resulting y-displacement with respect to cavity width  
Cavity width, (µm)  
y-displacement, (µm) 
 (vibration amplitude) 
20 0.11 
40 0.36 
60 0.65 
80 0.92 
100 1.20 
120 1.42 
 
From Table 3.2, it can be summarised that as the cavity width is increased, the resulting vibration 
peak amplitude will also be increased. In other words, the wider the cavity is, the higher the 
resulting amplitude will be (considering the pressure pulse is evenly distributed along the cavity 
width). From this perspective, it would appear that a cavity width of 120 µm should be 
implemented since this will generate the highest vibration amplitude. However, the effect on 
nearby bumps is also expected to increase with cavity width, and this needs to be taken into 
account. Simulations were carried out to explore this aspect, with the vibration amplitude at all 
five bonding sites being monitored as shown in Figure 3.17. The results for a pressure pulse 
amplitude of 1 GPa are summarised in Table 3.3, and the corresponding graphs are shown in 
Appendix E.  
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Figure 3.17 Displacement probe points for nearby interconnects.  
 
 
By analysing the graphs in Appendix E, the resulting vibration peak amplitudes at all the probe 
points were obtained; these are summarised in Table 3.3. 
 
Table 3.3 Resulting y-displacement for all bumps  
with respect to cavity width 
Cavity width, 
(µm)  
(1 µm depth) 
y-displacement, (µm) at joints 
 (vibration peak amplitude) 
1 2 3 4 5 
20 0.06 0.06 0.11 0.06 0.06 
40 0.18 0.15 0.36 0.15 0.18 
60 0.24 0.26 0.65 0.26 0.24 
80 0.29 0.38 0.92 0.38 0.29 
100 0.31 0.49 1.20 0.49 0.31 
120 0.28 0.61 1.42 0.61 0.28 
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Data in Table 3.3 shows the highest vibration for all cavity widths occurs at probe point 3, which 
is the targeted interconnect. It can also be noticed that the vibration amplitudes are identical for 
probe points 2 and 4, as well for probe points 1 and 5. Their measured vibration amplitude are 
the same because they are placed at equal distance from the targeted interconnect which is 100 
µm for probe points 2 and 4, and 200 µm for probe points 1 and 5.  
Analysing this table for probe points 2 and 4, it is seen that the nearest interconnects will vibrate 
with up to 0.61 µm amplitude at a cavity width of 120 µm. Ideally, the desired vibration is 
intended only for the targeted interconnect; however, the vibration amplitudes at these 
interconnects may be sufficient for bonding as we know that bonding may occur at a vibration 
amplitude of 0.5 µm. Therefore, even though a 120 µm cavity width is capable to generate higher 
vibration amplitude at the targeted interconnect, it may also lead to bonding at nearby 
interconnects.  
For probe points 1 and 5, the results indicate that only minimal vibration amplitude occurs and it 
can possibly be neglected since the values are kept low at 0.28 µm and below. However, it should 
be noted that such a low amplitude may still lead to bonding if other parameters are varied such 
as the repetition rate or the bonding time. 
Ideally, the cavity width that should be implemented based on Table 3.3 is 60 µm, where the 
vibration amplitude at the targeted interconnect is higher than 0.5 µm, but the generated vibration 
amplitude at nearby interconnects is kept minimal with amplitude of 0.26 µm at probe points 2 
and 4, and 0.24 µm at probe point 1 and 5. However, since higher vibration amplitude is desired, 
a cavity width of 80 µm may be more suitable, considering that the resulting amplitude at nearby 
interconnects is only slightly higher than with 60 µm cavity width. 
To further investigate the effect of varying the cavity design, the cavity depth was varied while 
keeping the cavity width constant at 80 µm. The structure in Figure 3.18 shows the model 
corresponding to a cavity depth of 35 µm (about half of the sacrificial layer thickness).  
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Figure 3.18 Cavity depth at 35 µm  
 
Based on the same probe points used previously (Figure 3.17), the resulting vibration amplitude 
graph is shown in Figure 3.19. 
 
Figure 3.19 Displacements at all interconnect sites for a 35 µm cavity depth, based on probe 
points in Figure 3.17 
(s) 
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The graph in Figure 3.19 shows that the vibration at probe point 3 reaches a peak amplitude of 
0.95 µm at a cavity depth of 35 µm. It can also be observed that the vibration amplitude is kept 
low for nearby interconnects. As the cavity reach 70 µm depth, the vibration peak amplitude 
increase to 1.35 µm while the nearby interconnects vibration maintain their amplitudes low as 
shown in Figure 3.20 and summarised in Table 3.4.  
From this information, it can be deduced that as the cavity deepen, the vibration amplitude 
increases up to 80 % from 0.75 µm (1 µm depth) to 1.35 µm (70 µm depth). This large variation 
in the resulting vibration amplitude is not desirable as to maintain the process parameter, 
however, through systematic control, this variation can be held at minimum.   
 
Figure 3.20 Displacements at all interconnect sites for a 70 µm cavity depth, based on probe 
points in Figure 3.17 
 
Table 3.4 Resulting y-displacement for all bumps  
with respect to cavity depth at 80 µm cavity width 
Cavity depth, 
(µm)  
(80 µm width) 
y-displacement, (µm) at probe points 
 (vibration amplitude) 
1 2 3 4 5 
35 0.09 0.28 0.95 0.28 0.09 
70 0.25 0.25 1.35 0.25 0.25 
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3.4.3 Effect of applying pressure pulse to all target simultaneously 
 
Practically, the laser induced pressure pulse should be applied simultaneously to all interconnect 
sites through implementation of a suitable irradiation mask or shaped laser beam. To investigate 
the effect of applying simultaneous pressure pulses to all the interconnects, the structure in Figure 
3.21 was modelled based on the original structure in Figure 3.1. In this model, 5 cavities with 
half-way penetration and cavity width of 80 µm are pulsed with 1 GPa pressure. The resulting 
vibrations at the probe points in Figure 3.17 are shown in Figure 3.22.   
 
 
Figure 3.21 Model with 5 cavities. 
 
 
Analysing the graph in Figure 3.22, it can be seen that the vibrations at all the probe points are 
quite similar. However, the vibration peak amplitude for probe points 1 and 5 is slightly lower 
than for the probe points near the centre due to their distance from the targeted interconnect.  
Nevertheless, this effect is believed to be very minimal and might not affect the outcome at all.      
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Figure 3.22 Vibration characteristics with multiple pressure pulses applied simultaneously 
 
From these simulations it would appear that the implementation of multiple pressure pulses 
simultaneously to the target is desirable as it leads to better uniformity in the resulting vibration 
amplitude. In addition, such a parallel approach will be faster than bonding individual sites in 
serial fashion, where the total bonding time is directly proportional to the number of 
interconnects. 
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3.4.4 Changing sacrificial material  
 
To investigate the effect of using materials other than polyimide, several common materials have 
been modelled as a sacrificial material, including aluminium, gold and copper. These simulations 
were based on the structure in Figure 3.18, with a cavity depth of 35 µm and a cavity width of 
80 µm. The pressure pulse was set at 1 GPa along the pressure line. 
 
 
Figure 3.23 Vibration characteristic for aluminium as a sacrificial material 
 
With aluminium as a sacrificial material, a peak vibration amplitude of just 0.26 µm was obtained 
as can be seen in Figure 3.23. This value is relatively low when compared to that obtained with 
polyimide under the same conditions (0.95 µm). One of the possible reasons that might explain 
the resulting lower vibration amplitude is the acoustic impedance mismatch between the 
sacrificial layer and the substrate (PI). The normal acoustic impedance of aluminium is 13.5 
MPa.s/m, while polyimide (PI) has an acoustic impedance of just 2.0 MPa.s/m. Since aluminium 
has relatively higher acoustic impedance than PI, hence the transmission of pressure into the 
substrate is lower.   
(s) 
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Figure 3.24 compares the pressure attenuation difference between aluminium and polyimide. 
Based on Figure 3.18, for 1 GPa of pressure applied at the top surface of the cavity (sacrificial 
layer), it attenuates down to about 200 MPa for aluminium and 430 MPa for polyimide at the 
gold-to-gold interface. 
    
a) 
 
 
(b) 
Figure 3.24 Pressure attenuation for (a) aluminium and (b) polyimide 
 
Gold-to-gold interface 
(200 MPa) 
Applied pressure (1 GPa) 
Applied pressure (1 GPa) 
Gold-to-gold interface 
(430 MPa) 
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Since gold and copper also have relatively higher acoustic impedance values compared to 
polyimide (39.2 Pa.s/m for gold and 30.9 Pa.s/m for copper), the resulting vibration amplitudes 
are also expected to be relatively low. This is confirmed by the graphs in Figures 3.25 which 
show the simulation results for these materials. 
 
(a) 
 
 
(b)  
Figure 3.25 Vibration characteristic for (a) gold and (b) copper as a sacrificial material 
 
(s) 
(s) 
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The peak vibration amplitudes for gold and copper are 0.11 µm and 0.14 µm respectively. These 
results are predictable as both gold and copper have higher acoustic impedance values than 
aluminium. Graphs in Figure 3.26 shows the attenuation from applied pressure of 1 GPa to 45 
MPa and 77 MPa for gold and copper respectively.  
 
 
(a) 
 
 
(b) 
Figure 3.26 Pressure attenuation for (a) gold and (b) copper 
Applied pressure (1 GPa) 
Applied pressure (1 GPa) 
Gold-to-gold interface 
(45 MPa) 
Gold-to-gold interface 
(77 MPa) 
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The summarised displacement and attenuated pressure at the gold-to-gold interface for the 
simulated materials is shown in Table 3.5 
Table 3.5 Attenuated pressures for different materials 
Material 
Acoustic Impedance, 
Z (MPa.s/m) 
Peak 
Displacement 
(µm) 
Attenuated Pressure (MPa)  
(for applied pressure of 1 GPa) 
Polyimide (PI) 2.0 0.95 430 
Aluminium (Al) 13.5 0.26 200 
Gold (Au) 39.2 0.11 45 
Copper (Cu) 30.9 0.14 77 
 
From Table 3.5, the relationship between the acoustic impedance of the materials with the 
resulting attenuated pressures and peak displacements are plotted in Figure 3.28 and Figure 3.29. 
It can be deduced that higher input impedance will lead to lower peak displacement and lower 
attenuated pressure. 
 
Figure 3.27 Graph of acoustic impedance versus displacement 
 
 
Figure 3.28 Graph of acoustic impedance versus attenuated pressure 
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However, if aluminium, gold, copper or any high impedance material are to be used as the 
sacrificial material, higher laser fluence should be used to generate higher pressure pulse that will 
result in higher ultrasonic vibration amplitude. 
 
3.3   Summary 
 
The modelling and simulation work described in this chapter was essential in designing the 
subsequent experiments on laser-ultrasonic thermosonic bonding. The modelling work was 
focused on the relationship between the laser-generated pressure pulse and the resulting vibration 
amplitude at the bonding interface.  No attempt was made to model the laser-material interaction 
that generates the pressure pulse. Instead empirical data from the literature was used to estimate 
typical characteristics of such a pulse. In summary it was found that higher pressure pulse 
amplitude, increased cavity width and increased cavity depth all lead to higher vibration 
amplitude at the bonding interface. Regarding selection of the sacrificial material, a stiffer 
material will result in lower vibration amplitude. It was also found that applying pressure 
simultaneously to multiple nearby interconnect sites will improve the uniformity of the ultrasonic 
vibration. 
For the purpose of initiating an experimental work, the essential parameters that can be extracted 
from this modelling works are summarised below in Table 3.6.    
 
Table 3.6 Initial parameters for experimental works 
Parameter Value Remarks 
Pressure  1 GPa For determining laser fluence 
Cavity width  80 µm For determining laser spot size 
Sacrificial material 75 µm Polyimide 
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4. LASER ULTRASONIC BONDING SYSTEM 
 
This chapter presents the experimental set-up and processes used to prove the feasibility of the 
proposed flip-chip assembly process based on laser-generated ultrasonic vibration. A custom-
built thermosonic (TS) bonder, equipped with mechanical clamp, force sensor, temperature 
sensor, heater and tilting mechanism, was used to hold chip and substrate in contact while heating 
the bonding interface. Ultrasonic vibration was produced by ablating a sacrificial material 
directly above the bonding site using a diode-pumped solid state (DPSS) ultraviolet laser. The 
resulting flip-chip bonding was then evaluated by measuring its electrical connectivity and 
bonding strength using the 4wOhm resistance measurement method and shear testing 
respectively. 
 
 
4.1 System overview 
 
In each bonding trial, a flip-chip and a substrate, as shown in Figure 4.1, were assembled by 
clamping them firmly in the custom-made thermosonic bonder which is shown schematically in 
Figure 4.2. The force sensor, which was thermally isolated by a ceramic spacer, was attached 
directly on the tilt stage underneath the hot stage to provide clamp force measurement. The z-
axis adjustment on the clamp allowed a variable static bonding force to be applied; the load was 
applied via a quartz window (labelled “UV glass” in Figure 4.2) which allowed the UV laser 
light to pass through and ablate a sacrificial material. This window also served to confine the 
ablated material for generating greater ultrasonic vibration amplitude compared to normal 
ablation [20].  
            
     
                
 
     
         
 
 
 
 
 
 
     
 
 
 
 
      
                       (a)                                                                (b)  
Figure 4.1 a) chip and b) flex substrate (with enlargement images) 
 
300 µm 
   1 mm 
   1 mm 
   100 µm 
   2 mm 
   500 µm 
   50 µm 
   Bump on chip 
  Pad on substrate 
  Electrical traces 
   100 µm                Pitch size   Pitch size                                   100 µm                 
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The test samples used in these experiments were a 3x3 mm2 dummy silicon flip-chips with 88 
peripheral interconnects with Ni/Au (4/1µm) bumps (70x70 µm2 arranged on 100 µm pitch) [43] 
and translucent polyimide (PI) flexible substrates (38 µm thick). These flexible substrates were 
15x15 mm2 in size with 88 Cu/Ni/Au (8/5/0.8 µm) 70x70 µm2 pads.  
 
Figure 4.2 Schematic of custom-built TS bonder for laser ultrasonic application  
 
 
4.2 System architecture 
 
The overall system block diagram for the laser ultrasonic bonding system is illustrated in Figure 
4.3. In this setup, in addition to the TS bonder, there are four major components that contribute 
to the overall system functionality: the laser system, precision XYZ stage, temperature controller 
and bond force control.  
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Figure 4.3 Thermosonic bonding system block diagram 
 
The central processing unit (CPU) acts as a main controller for the laser system and the XYZ 
stage through dedicated software. By placing the TS bonder on the stage, the xyz position of the 
bonder can be controlled with a precision of 0.1 micron per step. However, the CPU has no other 
control over the TS bonder except through image visualization acquired from the camera. 
Through image acquisition software at the CPU, the microscopic image captured by the camera 
can be viewed by an operator who can then manually align the position of the xyz stage with 
respect to the irradiating laser beam.  
There are two sensors which are directly attached to the bonder which are the temperature sensor 
and the force sensor. The temperature sensor is connected to a closed loop temperature controller 
that controls the power supplied to the heaters, while the force sensor is connected to an 
Ohmmeter as the output is in the form of a resistance value. The individual components of this 
system will be discussed in the following sections. 
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4.2.1 Thermosonic bonder 
 
Figure 4.4 shows the custom-made thermosonic bonder that has been designed and constructed 
in this work. It consists of a cylindrical hot plate with a diameter of 10 cm and a thickness of 15 
mm, with radial holes to accommodate three cylindrical heaters (30mm x 5mm dia.). A ceramic 
block is attached at the bottom of the hot plate which acts as a spacer and heat isolator to the 
force sensor and the tilting stage. The tilting stage is manually controlled by two knobs and is 
able to tilt the hot plate by an angle of up to 10 degrees in two axes to ensure good planarity of 
the chip and the flex substrate to be bonded.  
Figure 4.4 Custom-built TS bonder a) complete assembly, b) simplified assembly, c) tilt stage 
 
An aluminium plate (116mm x 116mm x 5mm) is used as a base to the TS bonder. The base is 
designed to be fitted into the XYZ stage and holds the tilting stage and the clamp. To exert a 
certain amount of force on the sample, the clamp is controlled by a knob which moves the 
substrate holder in the z-direction. The maximum force that the clamp is able to exert is around 
8 kg and only about 6 kg without breaking the UV glass.   
 
 
 
 
 
a)  
 b)  
 c)  
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4.2.2 Laser system 
 
The laser system used in this work consists of several components including the laser head, utility 
module, beam expander, lens, scanner, chiller, interlock mechanism and software. The block 
diagram in Figure 4.5 illustrates the working principle of this laser system.  
                 Enclosure 
 
 
 
 
 
 
 
 
               Laser Output 
 
 
 
 
Figure 4.5 Laser system block diagram 
 
The software packages used to communicate with the laser utility module and the scanner are 
Spectra-Physics Controller and LaserDESK respectively. Inside the GUI of Spectra-Physics 
Controller, the operation of the laser including the diode current (A) and repetition rate (Hz) can 
be controlled swiftly. On the other hand, the LaserDESK software allows great flexibility when 
controlling the laser’s speed and motion according to the drawn laser path.  
The laser commissioned for this system was the Talon® 355-15 UV diode-pump solid state 
(DPSS) Q-switched laser from Spectra-Physics [45]. It has a repetition rate ranging from 0 to 
500 kHz and is capable of generating more than 15 W average output power with pulse energies 
(depending on repetition rate) up to 300 µJ. The wavelength is 355 nm and the pulse duration is 
less than 30 ns at 100 kHz. For safety reasons, interlocks are connected to the laser head to avoid 
causing radiation injury to the operator. These interlock switches are located at the door of the 
laser system enclosure as well at the door of the dedicated laser room. If these interlock switches 
CPU 
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   Hurryscan 
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are opened during a laser operation, it will halt the process from continuing until the problem is 
rectified. Due to the high level of heat dissipation in laser head during the operation, it requires 
a water chiller that can maintain its temperature at 20 °C.  
When the laser diodes and the shutter are activated via the Spectra-Physics Controller software, 
the UV laser beam will pass through the beam expander and a series of turning mirrors, 
eventually reaching the scanner. This motorized laser scanner will then control the position of 
the beam at the sample stage as instructed or drawn in the LaserDESK software.  
 
 
4.2.3 Precision XYZ stage 
 
The precision XYZ stage model used in this work is the PZ2000 XYZ series automated stage 
with Piezo Z-axis top plate by Applied Scientific Instrumentation (ASI). It is located under the 
laser scanner and the zooming lens for the alignment camera in the laser enclosure as shown in 
Figure 4.6. It has the capability to move in three axes with a resolution of 0.1 μm per step. The 
stage provides greater control flexibility to the micro positioning of the TS bonder for work piece 
alignment purposes as well as moving back and forth between the laser scanner and the camera. 
It is also used for laser focusing purposes where the spot size can be varied easily by moving the 
stage upward or downward along the z-direction. 
                                             
Figure 4.6 ASI PZ2000 XYZ stage 
Laser scanner 
 
 
Zooming lens 
 
 
 
Precision XYZ stage 
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To control the XYZ stage, it is operated by sending commands from the ASI XYZ stage 
controller program. There are several functions to control the stage but the useful functions that 
were being used in this work are the XYZ joystick and the XY pad. The main user interface for 
this controller is shown in Figure 4.7.  
 
 
Figure 4.7 ASI XYZ stage main window 
 
To move the stage in the desired direction, an XYZ joystick window as in Figure 4.8 is used. 
There are 4 joysticks in the XYZ joystick window. The two joysticks in the top part of the window 
are for controlling XY-direction while the rest are for controlling in z-direction.  For precise 
positioning, a user has to key in the value in the designated boxes and press the joysticks on the 
left. The value represents the number of steps required to move the stage where a step is equal to 
a distance of 0.1 micron. For random movement, the user is free to use the joysticks on the right 
side where the speed of the movement can be controlled by adjusting the slider underneath the 
joysticks.  
The controller program also allows the stage to be controlled precisely through command buttons 
where the user can set the zero position of the stage (centre) or move to a desired coordinate 
location with respect to the centre or with respect to the current position. By setting the zero 
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position, the user can always return from any random position to the exact desired position by 
keying in the same values for X, Y and Z coordinates. All the stage activities can then be 
monitored in the main window. 
   
Figure 4.8 ASI XYZ joysticks 
 
Additionally, to freely control the XY position of the stage without specifying the precise 
coordinate, the XY pad as shown in Figure 4.9 is quite useful. The user will have the flexibility 
to position the stage anywhere in the working area simply by clicking any area in the pad and 
can easily return to the zero position by clicking the ‘Center’ button, providing that the zero 
position has been set earlier. The zero position can be set as soon as the stage is in the desired 
centre position by simply clicking the zero button either on the XYZ joystick or on the XY pad. 
 
Figure 4.9 ASI XY pad 
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4.2.4 Temperature Controller 
 
A temperature controller was needed to regulate the temperature of the hot stage at the desired 
level during TS bonding. The temperature controller used in this work was the CAL 9900 Series 
which is equipped with a platinum resistance PT100 temperature sensor and three heater rods as 
shown in Figure 4.10.  
 
 
 
a) 
 
b)  
 
c) 
 Figure 4.10 a) CAL 9900 series temperature controller b) PT100 temperature sensor c) heater 
rods 
 
To effectively control the hot stage temperature, the PT100 temperature sensor was tightly 
clamped to the upper surface of the hot stage, and the three heater rods were slotted into radial 
holes in the side of the stage as illustrated in Figure 4.11.  
 
2 cm 
1 cm 
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Figure 4.11 Temperature sensor and heater rods configuration 
 
The temperature sensor provides a feedback signal to the controller which then controls the 
energy supply to the heater rods in order to reach and maintain the desired hot stage temperature. 
The simple control loop for the temperature control system is represented by the diagram in 
Figure 4.12. 
 
 
 
    Desired                                                                                                                     Actual                        
Temperature                                                                                                              Temperature                                                                                                                        
       
 
 
 
 
Figure 4.12 Hot stage temperature control system diagram 
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PT100 Temperature 
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From the diagram in Figure 4.12, a disturbance may be due to either internal or external factors. 
An internal factor that might occur during the process is disengagement of heater rods from the 
hot stage, while an external factor would be variation in the surrounding temperature caused, for 
example, by chill air from the air-conditioner. There are two conditions where the temperature 
control process had been tested in this work which are the open system and the close system. In 
the open system, the hot stage is freely exposed to the ambient temperature while in the close 
system, the hot stage is enclosed in a confinement box. By setting the CAL9900 controller to 
200°C, the temperature control process for the TS bonder in two of these conditions were tested 
and the graph in Figure 4.13 was obtained. 
 
 
Figure 4.13 TS bonder heating rate 
 
The graph in Figure 4.13 shows that the hot stage temperature reaches 200°C a lot faster for the 
close system (~30 minutes) than the open system (~70 minutes). The main reason for this 
discrepancy is caused from the surrounding cooler ambient temperature which have slowed down 
the heating process for the open system.  
   
 
4.2.5 Bond force control 
 
The bond force in these experiments was typically set at 5.28 kgf / chip or 60 gf / bump, which 
is somewhat below the maximum allowable force of 6 kgf / chip. However, during the heating 
process, the bond force kept changing and, to avoid fracturing the glass and to ensure the bond 
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force was held at constant, the bond force was continuously monitored and manually adjusted. 
The force was measured using a flexible thin force sensor which is shown in Figure 4.14.  
 
 
 Figure 4.14 Flexible force sensor 
 
This force sensor is a pressure-based device with an output resistance that depends on the 
pressure exerted on a conductive polymer. The resistance value can be measured simply by 
probing the two output wires from the sensor using an Ohmmeter. However, before the force 
sensor can be used, a thorough calibration has to be carried out to determine the relationship 
between the output resistance and the applied pressure. To calibrate the force sensor which had 
been fitted to the TS bonder, a series of standard weights ranging from 0 kg to 8 kg was applied 
and the resulting output resistances values were recorded and plotted as shown in Figure 4.15.  
 
Figure 4.15 Graph of bond force versus output resistance 
 
The graph in Figure 4.15 illustrates the relationship between the exerted bond force and the sensor 
output resistance, which is inversely exponential. When there is no load being applied to the 
sensor, the output resistance value is effectively infinite, while under heavy loading, when the 
sensor reaches a nearly incompressible state, there is little variation in the resistance value.   
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4.3 Process flow 
 
The bonding process in this experimental work can be divided into five parts which are structured 
as in Figure 4.16 
 
 
 
 
 
 
Figure 4.16 Laser ultrasonic bonding overall process flow 
 
The process begins with sample preparation which is then followed by the heating step. While 
heating is taking place, the TS bonder is placed into the laser enclosure and the laser parameters 
are set up. As soon as the desired temperature of the heating stage is achieved, the irradiation 
process is carried out under control of the LaserDESK software. Finally, the sample is allowed 
to cool down to room temperature where evaluation of the bonded sample can be carried out. The 
following sections explain these process steps in more detail. 
 
 
4.3.1 Sample preparation 
 
The tasks involved in this process step range from cleaning the sample to adjusting the sample 
planarity. Initially, the surfaces of the chip and substrate to be bonded are cleaned by swabbing 
with propanol to eliminate any impurities. The chip is then placed on an aluminium plate on the 
hot stage with its bumps facing upward, while the flex substrate, with its exposed circuit facing 
downward, is adhered using adhesive strips to the UV glass which is already fitted to the clamp. 
With careful observation under a microscope, the clamp is lowered until the substrate is almost 
touching the bumps on the chip. The chip is then manually aligned by adjusting the aluminium 
plate position until all the interconnects are aligned well. The clamp is then lowered again until 
the substrate has touched the chip. A force measurement reading is then taken while slowly 
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lowering the clamp until it reaches the desired bonding force. At the same time, the planarity of 
the chip is observed by monitoring the dark edge lines of the clamped polyimide under the UV 
glass. The dark edge lines indicates that a very tight contact (sticking) between the PI sacrificial 
layer and the PI substrate above the interconnects has been established. The two knobs on the tilt 
stage are adjusted to control the planarity of the clamped sample until all the dark edge lines are 
evenly distributed as shown in Figure 4.17a. For the case of uneven clamping, the dark line edges 
appear partly as can be seen in Figure 4.17b. 
                
 
                           a)                                                                b) 
Figure 4.17 a) Evenly clamped sample b) Uneven clamped sample  
 
 
4.3.2  Heating 
 
As soon as the flip-chip and the flex substrate are properly aligned, the TS bonder is placed onto 
the precision XYZ stage in the laser enclosure. The stage is carefully positioned to allow plenty 
of space for the TS bonder to avoid collision with the viewing camera. The initial reading on the 
temperature controller at ambient room temperature is normally 27 ºC. Referring to Figure 4.13 
for close system, once heating is initiated, the temperature will rise sharply to 100 ºC in 10 
minutes. However, the heating process will only increase the temperature to the required bonding 
temperature of around 200 ºC after approximately 30 minutes.  
During the heating process, the expansion of metal components on the TS bonder will affect the 
force exerted by the clamp. Therefore, the bond force needs to be monitored and controlled 
constantly. If the reading from the Ohmmeter is changing, the bond force needs to be adjusted 
slowly until the desired bond force is restored. While waiting for the heating process to complete, 
the laser system is set up. 
 
 
 
1 mm 1 mm 
 87 
 
4.3.3 Laser setup, calibration and laser path alignment 
 
The process of setting up the laser system involves setting the laser parameters, calibrating the 
XYZ stage and aligning the laser path. Setting of the laser parameters is done using the Spectra-
Physics and LaserDESK software packages, while the stage calibration is done using the stage 
controller and a camera viewer implemented in Matlab. For laser path alignment, LaserDESK 
software is used once again. 
Initially, before the laser system is activated, the chiller which is set to operate at 20 ºC, is 
switched on. To activate the laser system, the button on the utility module is turned on which is 
then followed by the button and the safety key on the laser head. To monitor the status of the 
laser system, the Spectra-Physics software is run. It usually takes around 20 minutes to prepare 
(warming-up stage) the laser system from total shut down and less than 15 minute if the laser 
system is initially in standby mode. While waiting for the laser system to warm up, the pre-
planned laser path can be aligned in the LaserDESK program.  
The use of LaserDESK as the laser path planner is helpful because it means that slight 
misalignment of the sample orientation during the clamping process can be managed. The degree 
of sample misalignment is measured by retrieving the coordinates of two interconnects on the 
same side of the sample as shown in Figure 4.18. 
 
 
Figure 4.18 Slight misalignment of a clamped sample 
 
The calculated degree of misalignment is then used in modifying the pre-designed laser path in 
LaserDESK by rotating the original laser path to suit the misaligned sample. An example of a 
modified laser path for a sample used in this work is shown in Figure 4.19. 
 
Point 1 
Point 2 
1 mm 
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Figure 4.19 Rotated laser path for 88 misaligned interconnects 
 
When the Spectra-Physics GUI indicates that the laser system status is “System Ready”, as in 
Figure 4.20, the calibration of the laser beam can be carried out. To activate the laser, the Laser 
ON/OFF toggle switch on the GUI is turned “ON” and the diode current is set to the desired 
value. As soon as the laser is ready to be operated, the gate and the shutter toggle switches are 
switched to “Open”.  
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Figure 4.20 Spectra-Physics controller interface 
 
At this stage, the laser can then be calibrated. The purpose of doing the calibration is to ensure 
that the laser irradiation hits the intended spot. The calibration is done by firstly moving the 
sample to be tested under the microscope camera. By viewing the sample through the MATLAB 
camera interface, a randomly selected point to be irradiated is positioned perfectly at the 
crosswire as shown in Figure 4.21. Next, pre-determined X and Y coordinates are entered to 
position the sample directly beneath the laser scanner. Using a manual laser control interface in 
the LaserDESK program, as in Figure 4.22, a short burst of low energy laser pulses (1.53Watt) 
is then irradiated for 20 ms, just enough for the irradiated spot to be visible under the microscope. 
The current position of the XYZ stage is then set to zero (centre of laser irradiation) before the 
stage is positioned back under the microscope.  
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Figure 4.21 Targeting position for laser irradiation spot 
 
The irradiated laser spot can then be identified and positioned again at the crosswire where this 
position with respect to the zero (laser irradiation position) can now be determined simply by 
clicking the ‘Where’ button in the XYZ controller interface as can be located in Figure 4.8. After 
the calibrated x-y coordinates have been determined, the process can continue with the irradiation 
step. 
 
 
Figure 4.22 Manual laser control interface 
 
1 mm 
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4.3.4 Irradiation 
 
Before the irradiation process takes place, the laser parameters that contribute to the bonding 
process need to be set. The important parameters are summarized in Table 4.1.  
 
Table 4.1 Laser parameters 
Laser Parameter Location Values range 
Diode Current (A) Spectra-Physics 0 – 7 Amp 
Laser Frequency (kHz) LaserDESK 0-300 kHz 
Point time duration (μs) LaserDESK 0 – 500000 μs 
Laser focusing distance (step) XYZ stage controller 0-100000 steps 
    
 
By adjusting the laser diode current while the laser is in operation, the output power can be varied 
in real time. We can determine how much power is emitted by observing the slider bar of the 
output power at the bottom left of the Spectra-Physics controller interface in Figure 4.20. The 
measured relationship between diode current and laser power is attached in Appendix F. To 
determine the laser fluence, which is one of the important parameters for the TS laser bonding 
system, it can simply be calculated from the laser spot size, the pulse repetition frequency and 
the laser power by using the following equation:  
 
                       𝐹 =
𝑃
𝑓.𝜋.(
𝑑
2
)2
                   (4.1) 
 
In this equation F represents the laser fluence (J/cm2), P is the power of the laser (W), ƒ is the 
laser repetition frequency (Hz) and d is the laser spot diameter (cm). However, the laser spot size 
can only be set indirectly by setting the laser focusing distance using the z-axis of the XYZ 
precision stage where a step represents a distance of 0.1 m. From preliminary experimental 
work, the variation of ablated laser spot size with z-position for a polyimide layer was measured, 
using single pulse of 25µJ laser energy, and is shown in Figure 4.23.  
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Figure 4.23 Distance from minimum focal plane versus ablated spot diameter 
 
To set the laser spot diameter for the irradiation process, the sample is brought into the 
microscope camera view and the z-axis of the XYZ stage is controlled based on the step size in 
Figure 4.23 where a step size represents 0.1 µm. Based on the XY coordinate for the irradiation 
spot determined in previous section, the XYZ stage is then brought in line with the laser beam 
path for the irradiation process to take place.  
The duration for the irradiation process depends on the exposure time per I/O which was set in 
LaserDESK. The normal irradiation duration for the whole chip (88 I/Os) was 113.4 seconds, 
corresponding to a 300 ms exposure at each site, with a 1 s delay between ones site and the next. 
The 1s delay was included to minimise possible heat accumulation effects. 
After the sample has been fully irradiated, the stage is brought under the microscope again for 
normal inspection and the heating is switched off. The sample can be taken out for evaluation as 
soon as the temperature has returned to normal room temperature.   
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4.3.5 Evaluation  
 
The evaluation process begins by observing manually the adherence of the chip to the flex 
substrate. During the flip-chip take-off stage, the clamp on the TS bonder is raised slowly and 
carefully. If the flip-chip stays on the hot plate, clearly it can be concluded that the experiment 
has totally failed, although further evaluation is still essential in this case as it can contribute to 
improving the bonding process. However, if the chip sticks to the flex substrate, then further 
evaluation on the electrical connectivity and bonding strength of the sample will be conducted, 
which will be discussed in the next sections. 
Among the analyses that can be carried out for a failed bonding test are examination of the 
bonding surfaces, the sacrificial layer and the confinement glass. By examining the bonding 
surfaces under the microscope, we can deduce whether bonding may have occurred but with a 
very weak adherence. Also, if strong bonding signs are seen through observations such as 
cratering and bump pull-off effects, it might suggest that bonds had been formed and 
subsequently broken for some reason.    
Analysis of the sacrificial layer can be done by visually inspecting it under the microscope to see 
whether full penetration, no penetration or partial penetration of the laser beam has occurred. Full 
penetration might cause damage to the flex substrate while no penetration will result in no 
bonding activity. Hence, partial penetration is taken into consideration in determining how the 
improvement process will be directed to reach the goal of establishing good flip-chip bonding.  
The confinement glass can also provide important information when a flip-chip bond has failed.  
A key factor that might affect the bonding process is the glass transmission characteristic which 
might have changed after irradiation. For example the confinement glass might have melted or 
even fractured after application of the high power laser irradiation. Such changes to the glass 
structure will affect the coupling efficiency of the laser pulse to the sacrificial material, thus 
affecting the ablation process. In the worst case, the coupling efficiency might even fall to zero 
if the glass has become opaque.  
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4.4    Evaluating electrical connectivity 
 
To provide a quantitative measure of the bonding performance, the electrical resistance of 
individual bonds can be evaluated using 4-wire-Ohm (4wΩ) joint resistance measurement which 
is effective in measuring low resistance values. The substrate and the chip used in this work were 
designed with a special trace pattern for 4wΩ measurement, as described in [43] and shown in 
Figure 4.24.   
 
 
Figure 4.24 Specially designed electrical connections schematic for 4wΩ joint resistance 
measurement in a TS assembly [43] 
 
When all the bumps on the chip have been bonded to the pads on the substrate, the aluminium 
tracks that join groups of 3 bumps altogether at 12 symmetrical locations on the chip provide a 
platform for the 4wΩ joint resistance measurement. Using a Keithley 2000 multimeter [46], 
shown in Figure 4.25, trace 1 and trace 4 are connected to the INPUT terminal while trace 2 and 
trace 3 are connected to SENSE terminal. By using this multimeter, a very low resistance value 
of down to milliohms can be measured, which is not possible using an ordinary Ohmmeter.  
 
Figure 4.25 Keithley 2000 Multimeter 
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Using a four-wire probe station arranged as in Figure 4.26, the pins shown in Figure 4.27 are 
manually controlled to gently touch the pads at the end of the respected traces. Successful 
bonding will then give a reading between a range of 0.010 Ω and 0.025 Ω on the Keithley 2000 
Multimeter. To move to the next probing points, the 360° rotary stage at the probe station, which 
can also be positioned in XYZ, is then manually adjusted.  
 
 
Figure 4.26 Four-wire probe station with Keithley 2000 multimeter 
 
 
Figure 4.27 Probing 4 traces on a bonded flip-chip and flex substrate 
 
15 mm 
 96 
 
4.5  Evaluating bonding strength 
 
The evaluation of the flip-chip bonding strength can only be performed when the evaluation of 
the electrical connectivity is already completed as this type of evaluation is destructive. A custom 
made shearing device, as shown in Figure 4.28, was designed and constructed to test the bonding 
strength of the samples. This device is fitted with a shearing head (3 x 10 x 25 mm, metal plate) 
that is attached to an enclosed compressive spring (initial length - 45 mm) with a specified spring 
constant of 1 N/mm and an x-axis micro positioner (slider) to shear the chip from the flex 
substrate.  
                   
 
 
Figure 4.28 Manual shearing device and its schematic diagram  
Slider base 
Base 
Shearing  
head 
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By rotating the micrometer positioner (knob), the rotational motion is translated to linear motion 
with a precision of up to 0.01 mm and a sensitivity of 0.5 mm/revolution. As the slider move in 
linear motion, the spring within the enclosed compartment will be compressed slowly until the 
force is greater than the bond force of the adhered flip chip on the flex substrate. In this 
configuration also, the shear head is placed just slightly above the flex substrate to avoid 
unnecessary frictional force caused by the surface of the substrate. 
 
Figure 4.29 Calibration schematic diagram for manual shearing device 
 
A pre-calibrated electronic digital scale (Salter – Max 5000g x 1g) had been used in calibrating 
the manual shearing device as shown in Figure 4.29. In this arrangement, the shearing device 
was fixed to the rigid stand by a device holder. To allow sufficient testing space, a steel block 
was placed on top of the electronic scale which was exerted by the shearing head attached to the 
enclosed spring of the shearing device. 
Initially, the shearing head was rested freely on the steel block without applying any pressure to 
the scale. At this moment, the electronic scale was reset to give initial reading of 0.0 g and the 
measurement on the micrometre knob was positioned at 0 µm. Next, the slider was moved slowly 
to a micrometer reading of 1 mm and the measurement from the scale was recorded. The process 
was then repeated with increment of 1 mm for each measurement until it reached 15 mm. A graph 
for the measurement was then plotted in Figure 4.30 and was used as a basis in verifying the 
spring constant to be used in this work. 
Enclosed 
spring 
 
Shearing 
head 
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Figure 4.30 Compressive force (g) versus spring displacement (mm) graph 
 
To begin the shearing process, the sample is firstly placed onto a glass slide which is held tightly 
by the clamp on the shearing device. Based on the die shear stress testing standard (MIL-STD-
883E, Method 2019.5), the metal plate is then carefully aligned parallel to one of the chip sides 
and is brought into a position as close as possible to the chip. Under a microscope, the knob of 
the micro positioner is turned clockwise to move the slider towards the chip until it barely touch 
the chip. At this stage, the reading on the micrometer which signifies the position of the slider is 
recorded as initial position. With speed of approximately 0.1 mm/s, the knob is slowly turned 
until the chip is sheared from the flex substrate. As soon as the bonding fails, the reading on the 
micrometer is then recorded as the final position of the shearing process. Using these two 
readings, the shear force can be calculated by using Equation (4.2) as follows, where the value 
for the spring constant after conversion from N/m, is 102 gf/mm. 
 
𝐹𝑠 = 𝑘 (𝑃𝑓 − 𝑃𝑖)                             (4.2) 
                                      where  Fs = shear force (gf) 
       k = spring constant (gf/mm) 
      Pf = final position (mm) 
      Pi = initial position (mm) 
 
After the shear test has been conducted, visual analysis of the bonding surface, sacrificial layer 
and confinement glass is carried out with a view to improving the TS bonding process. 
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4.6  Summary 
The experimental set-up and its operating procedure for laser ultrasonic bonding system has been 
presented in this chapter for the purpose of establishing flip-chip bonding. Essential testing 
methods to evaluate the resulting bond strength and electrical connectivity have also been 
reported. From the calibration process, a spring constant of 102 gf/mm has been obtained to be 
used for the shear force calculation (Equation 4.2) of the manual shearing device. This spring 
constant also means that for each millimetre of the slider’s linear motion, a compressive force of 
102 gf is been exerted on the tested die. To conclude, based on the work in Chapter 4, numerous 
experimental works and testing had been carried out as will be discussed in the next chapter. 
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5. EXPERIMENTAL INVESTIGATION OF LASER ULTRASONIC FLIP-CHIP 
BONDING 
 
This chapter presents the experiments carried out, and results obtained, with the laser ultrasonic 
bonding system described in Chapter 4. A rigorous programme of tests was completed, the 
primary objective of which was to prove the feasibility of bonding flip-chips to flexible substrates 
using the laser ultrasonic vibration method. The tests involved varying the laser fluence, laser 
spot size, laser repetition rate and bonding time. The values of the established parameters which 
have been used successfully in normal TS bonding, such as temperature and bond force, were 
fixed throughout the experimental works to reduce the number of factors that needed to be 
considered. The usual parameters that stem from the usage of an ultrasonic transducer as the 
vibration generator were replaced by parameters associated with laser ultrasonic generation, as 
discussed in previous chapters. Some modifications that were made to the bonding system will 
also be discussed in this chapter.  
 
 
5.1 Experimental design 
 
The experimental procedures in this work were designed with the aim of first proving the 
feasibility of the proposed laser thermosonic bonding process and then subsequently optimising 
the bond strength to achieve a minimum value of 0.04 kg/10-4 in2 (0.00062 g/µm2) as specified 
by MIL-STD-883E (Military Standard 883E – Method 2019.5) for a die area which is smaller 
than 5 x 10-4 in2 (322580 µm2). In this experimental work, the minimum required die shear 
strength was calculated to be 3 g/bump for a bump size of 70 x 70 µm2. An initial set of 
parameters for the bonding system was then chosen based on the literature survey and modelling 
work in Chapters 2 and 3. To avoid experimenting in destructive zones, limits for each of the 
parameters were identified and the working ranges pre-determined as in Table 5.1. 
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Table 5.1 Parameter limits and working ranges 
Parameter Limiting factors Working range 
Bonding time -Sacrificial material thickness 0 – 300 ms 
Laser fluence -Sacrificial material property 0.1-20 J/cm2 
Laser spot size diameter 
-Laser beam diameter 
-Pitch distance between I/Os 
20 – 100 µm 
Laser pulse frequency -Output laser energy  20 -120 kHz 
Hot stage temperature -Flex substrate and chip endurance 150-200 °C 
Bond force 
-Clamp capability 
-Holding glass strength  
0-6.0 kgf/chip 
 
For a normal TS bonding system, the bonding time typically ranges from 100 to 500 ms. 
However, the maximum bonding time in this work was initially limited to only 150 ms but was 
prolonged to 300 ms which will be discussed later.  This initial limitation was mainly caused by 
the selected thickness of the polyimide (PI) layer which was 75 µm. Due to the attenuation effect 
discussed in Chapter 3, thicker layer is expected to produce even lower vibration amplitude than 
75 µm at the bonding interface. Therefore, it is not suggestable to implement thicker sacrificial 
PI layer in order to prolong the bonding time.  
Even though the ablation rate at 355 nm wavelength for PI is about 0.08 µm/pulse at a laser 
fluence of 0.1 J/cm2 [47], due to the implementation of glass confinement the ablation rate will 
be reduced up to several times than in normal ablation. The underlying reason for this case is 
based on the gap width between the confining layer and the sacrificial layer as shown on Figure 
2.12. For smaller gap width, more plasma is entrapped under the confining layer and as it cools 
down, most of the debris occupies again the ablation spot. For instance, under normal ablation at 
60 kHz laser repetition rate, the 75 µm thick PI layer will be fully ablated in just 15.6 ms in 
normal ablation, but this might be prolonged up to 156 ms (10 times reduction in ablation rate) 
with glass confinement.  Equivalently, for a 150 ms exposure duration with presumably 10 times 
reduction in ablation rate, the PI layer is expected to be ablated to approximately 72 µm depth 
which is still in the non-destructive zone for the flex substrate layer. The ablation depth for any 
combination of repetition rate and exposure duration can be determined using Equation 5.1. 
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                                                                 𝑑𝐴 = 𝛼𝑇𝑖𝑓𝑡𝐴                                                            (5.1)  
                                           Where dA  = ablation depth (µm) 
         α  = reduction multiplier due to confinement 
        Ti  = irradiation duration (s) 
         𝑓 = laser repetition rate (Hz) 
        tA  = normal ablation rate (µm/pulse)                     
 
Regarding selection of the laser fluence, this depends heavily on the type of sacrificial material 
being used and the damage threshold of the confining layer. The minimum laser fluence is set at 
0.1 J/cm2 which is the normal ablation threshold for a polyimide. At the full laser capacity of 15 
Watt (60 kHz), the Talon laser is capable to generate a laser fluence of ~20 J/cm2 at focus.  
However, at this fluence level, where the normal PI ablation rate is 6.0 µm/pulse [37], the PI 
sacrificial layer would be fully penetrated in just less than 1 ms.  
In determining a suitable range for the laser spot size diameter, there are two limiting factors 
which are the laser focus diameter and the pitch distance between adjacent IOs. The laser focus 
diameter is the diameter of the smallest focal spot that can be produced; this is around 20 µm for 
the laser setup used in this work. The pitch distance between adjacent IOs on the dummy test 
chips was 100 µm as illustrated in Figure 5.1. The pitch distance determines the maximum 
allowable laser beam diameter that can be used without affecting other IOs.  
 
                                                                                         100 µm 
 
 
 
 
 
                         
 
 
 
                                 bumps                            100 µm                     laser beam spot 
 Figure 5.1 Pitch distance between two adjacent bumps (pitch size) and laser beam spot 
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In conventional TS bonding, the ultrasonic transducer normally operates at 60 kHz [10][43][48], 
with one remote investigation showing better resulting die shear strength and stability after 
operating at 109 kHz frequency [49]. Even though the Talon 355 laser system is capable of 
operating at up to 500 kHz repetition rate, the limiting frequency was set to 120 kHz since the 
higher the repetition rate, the more rapidly the sacrificial layer is penetrated [50].  
The working range of the hot stage temperature in this experimental work was set from 150 °C 
to 200 °C based on the typical values used in conventional TS bonding [10][51] and the capability 
of the temperature controller in the TS bonder. It has been reported that the resulting bonding 
strength of processed flip-chip assemblies increases with temperature [49][52]. However, normal 
electronic chips are only capable of withstanding temperatures up to 250°C [53]. For comparison 
the PI based material of the flex substrate is capable to withstand a maximum temperature of 
400°C [54].  
Finally, for the clamp force, the limiting factors depend heavily on clamp’s capability to exert 
sufficient force to the sample. The maximum force that the clamp used in this work can exert is 
about 8 kgf/chip, but this is reduced to 6 kgf/chip if the force is applied via a transparent 
confinement glass. Since all of the laser TS bonding experiments required a transparent 
confinement glass, the limiting clamp force was set to 6 kgf/chip.     
 
 
5.1.1 Initial parameters for laser thermosonic bonding process 
 
From the information gathered in Table 5.1, the various parameters were initialised with values 
within the allowed ranges as shown in Table 5.2. 
 
Table 5.2 Initial laser thermosonic bonding parameters  
Parameter Initial value 
Laser fluence 1.5 J/cm2 
Laser spot size diameter 80 μm 
Laser pulse frequency 60 kHz 
Bonding time 6 ms 
Hot stage temperature 200°C 
Bond force 60 gf/bump 
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To minimise the likelihood of bonding adherence failure, it was considered best to replicate the 
normal TS bonding process as close as possible by using similar values for the process 
parameters. However, for the new parameters introduced by the laser TS bonding system, in 
particular the laser fluence and laser spot size diameter, it was necessary to choose values based 
on the modelling work. 
The chosen laser fluence of 1.5 J/cm2, together with laser spot size of 80 μm, was expected to 
generate high amplitude vibration of about 1 μm at the bonding interface based on modelling 
work in Chapter 3 and in [15]. However, the bonding time depends heavily on the thickness of 
the sacrificial material, laser fluence and ablation rate. Based on Equation 5.1, and using data 
from Table 5.3, the maximum bonding time for a 75 m-thick PI sacrificial layer is expected to 
be 6.25 ms. This bonding time is quite short compared to normal TS bonding processes operating 
at 100 ms and above, therefore, it is highly unlikely to form a bond as reported in [4] where the 
minimum bonding time should be more than 7.5 ms. Nevertheless, the experimental is still 
carried out to investigate the ablation depth effects on the sacrificial layer.  
 
Table 5.3 Data for determining maximum bonding time 
Data Value Remarks 
Reduction multiplier 0.1 
Based on confined ablation effect of 
transparent layer [15]  
Material thickness 75 µm 
Most suitable thickness for PI  
(chapter 3) 
Ablation rate @ 1.5 J/cm2 2.0 µm/pulse Normal ablation rate as in [30] 
Laser frequency 60 kHz Selected operating frequency 
 
For simplicity, the initial value for the bonding time was chosen to be 6 ms where the ablation 
depth is calculated using Equation 5.1 to be approximately 72 µm. For all other parameters, the 
values were selected based on normal TS bonding practice.  
In normal TS bonding, many works have demonstrated operating at 180 ºC to establish 
satisfactory flip-chip bonding [7][10]. However, since higher bonding temperature produces 
better die shear strength [49], a temperature of 200 ºC was chosen and applied to the hot stage 
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throughout the experimental work. Many previous works have shown successful bonding at a 
bonding temperature of 200 ºC [43][55][56]. 
Regarding the bond force, many works have reported using a bond force of 30 gf/bump 
[4][10][57] to establish good bonding in a TS bonding system. Nonetheless, it is reported that 
higher bond force will result in better shear strength [56]. However, due to the limitation of the 
UV glass as discussed earlier, the maximum allowable bond force in this work was not more than 
6.0 kgf/chip or 68 gf/bump. The possibility of the UV glass breaking before or during the laser 
operation is high if this limiting force is exceeded. Therefore, a bond force of 60 gf/bump was 
selected and fixed throughout the experimental work.   
 
5.1.2 Experimental process flow 
 
After all the parameters had been set up using the values from Table 5.2, the laser thermosonic 
flip-chip bonding system was operated as discussed in Chapter 4. At this initial stage, the result 
of an experiment could instantly be judged as either success or fail simply by observing the 
adherence of the flip-chip to the substrate. If the test gave a positive indication, where the chip 
adhered to the substrate, further tests to determine the bond strength could proceed. At this stage, 
when the aim was just to prove that a bond could be formed, testing the electrical connectivity 
was not yet essential. Consequently, due to the limitation of time, electrical testing was carried 
out only in the parameter optimisation stage. The first stage experimental process flow chart is 
shown in Figure 5.2 
From this flow chart, the process begins with identifying the initial parameters which are then 
set up at the laser thermosonic bonding system. As soon as the system is ready, the experiment 
is started by irradiating the sample at the sacrificial material, exposing each IO site in turn. After 
the irradiation procedure has ended, and the hot stage temperature has returned to room 
temperature, the adherence of the sample is tested simply by lifting-off and roughly shaking the 
substrate holder to determine whether or not the flip-chip has truly adhered to the flex-substrate. 
If the chip still adheres to the flex substrate, we can consider that the first stage of the experiment 
is a success.   
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                          START 
 
                Set initial parameters 
           Adjust parameter values 
                  Run experiment 
 
                     No          Damage assessment and analysis:      
                         Success?                                            1. Bonding surfaces 
                                                                                       2. Sacrificial material 
                   Yes                  3. Confinement glass 
          1. Shear test – bonding strength   4. Others 
 2. Damage assessment and  
            analysis on bonding surface,  
            sacrificial material, confinement        
   glass and others.     
 
Continue to                
             parameter optimisation 
                           stage 
 
 Figure 5.2 First stage experimental flow chart 
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From the bond surface assessment, we can determine whether a solid-state bond has occurred. In 
this case signs of bond failure can be seen clearly such as peeled-off residues from bumps or pads 
from the chip or substrate. Other damage assessments on the sacrificial material, confinement 
glass or even on the flex substrate are essential to understand and improve the laser thermosonic 
bonding process for the next stage which is the parameters optimisation stage. 
If the chip has failed to adhere to the flex substrate, damage assessment on the sacrificial material, 
confinement glass and flex substrate is conducted straight away. Further analysis on external 
factors is also carried out to determine the possible reasons that might influence the result, such 
as mishandling of any equipment, a malfunctioned device or any other unexpected occurrence. 
After adjustment of the bonding parameters has been made, and any necessary corrective action 
has been taken, the experiment is repeated continuously until a satisfactory result is obtained.  
 
 
5.1.3     Justification on using continuous improvement method 
 
A large number of factors needed to be considered in the search for suitable parameters for 
successful bonding. Therefore, it was not feasible to conduct experiments based on all possible 
combinations from the matrix of parameters, as suggested by [58]. By omitting the fixed 
parameters in this experiment, the matrix of the parameters that can be manipulated is shown in 
Table 5.4 where the low, medium and high value are predetermined from previous section and 
are summarised in Table 5.1. 
Table 5.4 Parameters matrix 
 
Laser parameters 
 
 
Low 
 
Medium 
 
High 
Fluence  (J/cm2) 0.1 1.5 3.0 
Spot size diameter (μm) 20 80 120 
Irradiation time (ms) 100 200 300 
Repetition rate (kHz) 20 60 120 
 
However, based on the parameter values in Table 5.4 alone, the possible combinations that might 
be tested would amount to 243. If the in-between values were also taken into consideration, the 
experimental works would take ages to complete. Furthermore, it was not feasible to test all the 
possibilities due to the limitation of available samples. Therefore, the continuous improvement 
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method was adopted instead [59], based on initial parameters tabulated in Table 5.2. These initial 
parameters were selected based on the previous works and also from the calculation and 
modelling results from this work. Therefore, they were expected to provide a reasonable starting 
point, and it was hoped that with the continuous improvement process the experimental outcome 
should move rapidly in the positive direction towards the desired outcome. 
 
 
5.2      Establishing laser thermosonic flip-chip bonding process  
 
Initial tests were conducted based on the parameters in Table 5.2, but with no bonding being 
established. The main reason for this was believed to be the short bonding period, which was just 
17 ms. From close examination using a microscope equipped with a depth gauge, the sacrificial 
layer had only been partially ablated, to about 10 µm. From the calculation in section 5.1.1, 
theoretically the ablation depth should be about 71 µm. However, due to the implementation of 
a tightly confining transparent layer, the debris of the ablated PI layer had less possibility to 
escape than with water-confined ablation [21]. Thus, it is expected that most of the debris 
accumulated at the same irradiation spot. This accumulative debris is believed to have reduced 
the etch rate of the PI layer by blocking the laser pulse from reaching the fresh material 
underneath it. This effect provides an opportunity for the bonding time to be increased.  
For the next step, since it was clear that the bonding time could be prolonged, the laser duration 
was set at 100 ms while all other parameters were maintained as in the initial experiment. The 
test was then run again and the result showed a positive outcome with a bond being established. 
Unfortunately, the resulting bond strength obtained from the shearing device measurement (refer 
section 4.5) was too weak at around 0 to 0.1 gf/bump. Observation on the sacrificial material 
showed that, similar to the initial experiment, the PI layer had been partially ablated, but to a 
depth of about 20 to 25 µm. This observation suggested that even longer bonding time could be 
implemented for the next experiment. Even though flip-chip bonding had been established in this 
case, further testing was required to confirm and strengthen confidence in this finding.     
Hence, another test was carried out with even longer bonding time. Since the etch depth of the 
PI layer was about 20 to 25 µm, this suggested the possibility of tripling the bonding time to a 
maximum duration of up to 300 ms. The resulting bond strength under these conditions was 
significantly higher with a maximum value of 1.64 gf/bump and with no sign of physical damage 
at the back of the substrate layer. However, even though a stronger bond strength had been 
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achieved, unfortunately, through close examination under the microscope, a glue like residue was 
observed between the flex substrate and the chip as shown in Figure 5.3.  
 
 
  Figure 5.3 Glue like residue on chip surface 
 
This glue-like substance is believed to have emerged from the flex substrate as a result of the 
high temperature induced by laser heating of the PI sacrificial layer. It is known that a 
photothermal mechanism is involved in the ablation of polyimide at 355 nm wavelength [37]. 
Therefore, it is reasonable to assume that the thermal loading caused by the laser might have 
affected the substrate layer. A significant portion of the laser energy should be converted into the 
ablation debris or plasma of the PI layer. However, as a result of the confinement, this energy – 
as well as the residual laser energy that does not go into ablation - will contribute to heating of 
the sacrificial layer and hence, by thermal diffusion, the substrate layer.  
It has been reported that, for laser ablation at a wavelength of 355 nm and a fluence of 0.1 J/cm2, 
thermal diffusion is expected to result in a 0.5 °C temperature rise 4 µm inside a PI layer [37]. 
Even though the reported temperature is only increased by 0.5 °C at depth of 4 µm, under 
repeated exposure this diffused temperature will build up. In the present work, since the laser 
fluence is much larger at 1.5 J/cm2, and the repetition rate is high at 60 kHz, with an irradiation 
duration of 300 ms the heat induced by the laser could well have been sufficient to cause damage 
in the substrate layer.  
0.5 mm 
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It is quite possible that the glue-like substance that emerged from the substrate was the reason 
for the adhesion of the flip-chip with the substrate. Besides, the higher temperature might have 
resulted in thermo-compression bonding occurring rather than thermosonic. Therefore, this result 
was rejected as the sample was damaged. In addition, further examination on the UV glass 
showed that the inner surface adjacent to the sacrificial layer had been melted as in Figure 5.4. 
 
 Figure 5.4 Melted inner surface of UV glass 
 
From Figure 5.4, the confinement glass seems to have undergone melting and re-solidification 
with associated fracturing during the irradiation process. This has made the glass became opaque. 
Generally, the melting temperature of a silica glass is above 1600 °C. A single nanosecond UV 
laser pulse at wavelength of 355 nm, with laser fluence of 1.5 J/cm2, will raise the temperature 
at the surface of the PI layer to around 750 K (476 °C) [50]; this will melt the PI layer but it will 
not melt the glass. However, the accumulated temperature rise after 300 ms of irradiation might 
exceed the melting temperature of the glass.  
The next step taken to improve the laser ultrasonic bonding process was to repeat the test with 
lower laser fluence. The results were analysed and the experimental routine was repeated, with 
further parameter changes, until an acceptable level of bonding strength was achieved. Table 5.5 
summarizes the results of these repetitive bonding trials.  
 
 
500 µm 
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Table 5.5 Repetitive bonding trial results 
 
 
Test 
Fluence 
(J/cm2) 
Spot 
Size 
(μm) 
Bonding 
Time 
(ms) 
Repetition 
Rate 
(kHz) 
Bonding 
strength 
range 
(gf/bump) 
Remarks 
1 1.5 80 6 60 0 
Initial experiment.  
Fail; sacrificial material 
partially ablated (10 μm)  
2 1.5 80 100 60 0.00-0.10 
Weak adhesion; 
sacrificial material 
partially ablated (30 μm)  
3 1.5 80 300 60 1.39-1.64 
Small sign of bonding; 
glue observed; glass 
damaged; substrate okay 
4 1.16 80 300 60 0.98-1.09 
Substrate damage due to 
full penetration; sign of 
bonding;  glass slightly 
damaged 
5 
 
0.5 
 
80 300 60 2.97-3.125 
Successful bond.  
No through penetration at 
sacrificial material; flex 
substrate in good 
condition; confined glass 
slightly damaged; plenty 
of glue 
6 0.25 80 300 60 0.39-0.45 
Successful bond. 
No traces of glue like 
substance 
 
As expected, the use of lower laser fluence resulted in a lower bonding strength, the observed 
maximum value being 1.09 gf/bump. Unfortunately, this result also had to be discarded as the 
substrate layer had been physically damaged (see Figure 5.5) due to full penetration of the PI 
sacrificial layer (see Figure 5.6). The inner surface of the UV glass showed signs of melting and 
reflow but had not fractured (see Figure 5.7). From these observations, and comparing with 
previous experiment, it would appear that the coupling efficiency of the laser energy had 
increased; this is the most likely explanation for the lower fluence giving a higher ablation rate. 
A possible reason is that the damage to the UV glass in Test 3 caused it to become less 
transparent. 
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Figure 5.5 Damaged substrate layer and its close up view 
 
 
Figure 5.6 Full penetration of the sacrificial PI layer and its close up view 
 
 
Figure 5.7 Plasma damages on glass layer at the ablation interface 
 
Further examination of the chip and substrate from Test 4 revealed numerous traces of bonding 
at the bonding interfaces of the bumps and the substrate pads. However, once again it was 
suspected that laser heating had probably initiated thermo-compression bonding as in the 
previous experiment. 
Since lowering the laser fluence had increased the coupling efficiency, the experiment was 
repeated again with the fluence lowered to 0.5 J/cm2 i.e. less than half the value in the previous 
1 mm 
0.5 mm 
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experiment. In this case the bond strength increased significantly, up to 3.125 gf/bump, with no 
sign of substrate damage or full penetration of the sacrificial layer. However, the confinement 
glass suffered some damage as in previous test. Also, plenty of glue-like substance was detected 
again between the substrate layer and the chip. This result too had to be omitted due to the 
unwanted contamination which may have affected the bond strength result. 
Finally, the laser fluence was reduced down to 0.25 J/cm2. From the shearing test, the resulting 
bond strength obtained was found to be just between 0.39 to 0.45 gf/bump. Further observation 
on the sample revealed no damage or contamination anywhere on the flex substrate or chip. The 
sacrificial material also showed no sign of full penetration, and the confinement glass exhibited 
slight damage as in Test 4 and Test 5.  
Even though the result for the bond strength in Test 6 did not satisfy the acceptable minimum 
bond strength of 3 gf/bump, it was sufficient to prove at this stage that flip-chip bonding had 
been established using laser generated ultrasound. In other words, the hypothesis of this thesis 
had been proven. For the next step, improvement of the laser TS bonding system was conducted 
through investigation of possible modifications.  
 
 
5.3 Bond strength improvement through modifications 
 
In order to achieve satisfactory bond strength for the new flip-chip bonding process, some 
modifications were made to the sacrificial layer as well as to the TS bonder. From the results 
obtained in the previous section, it could be deduced that the main obstacle was the limited 
thickness of the sacrificial layer which meant that it could only be irradiated at low laser fluence 
for the maximum duration of 300 ms.  
 
The possibility of substituting the sacrificial material with an alternative, slower etching material 
was explored. Unfortunately, most of the potential materials are not transparent in nature, making 
the alignment process difficult unless advance equipment is used. A simpler, alternative approach 
was therefore adopted which was to use a second flex substrate with identical circuitry traces as 
the substrate layer. The resulting structure is shown in Figure 5.8. The structures of the bumps, 
and pads (on both flex substrates) are as described in the previous chapter, where the materials 
are Ni/Au (4/1µm) and Cu/Ni/Au (8/5/0.8 µm) respectively.  
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Figure 5.8 Double-substrate configuration 
 
For the configuration in Figure 5.8, an alignment process was introduced during the sample 
preparation stage to ensure the substrate was aligned precisely while all other process steps 
remained the same. Several tests were conducted and the results are recorded in Table 5.6. 
From these tests, it was shown that, by replacing the PI layer with the flex substrate as the 
sacrificial material, the bond strength increased significantly. To eliminate the possibility of 
introducing excessive heat to the flex substrate, the tests were conducted with low laser fluence. 
Unfortunately however, on close examination, it was found that all of the assemblies showed 
signs of glue-like substance between the flex substrate and the chip, thus nullifying the results.  
 
Table 5.6 Double-substrate tests 
 
 
Test 
Fluence 
(J/cm2) 
Spot 
Size 
(μm) 
Bonding 
Time 
(ms) 
Repetition 
Rate 
(kHz) 
Bonding 
strength 
(gf/bump) 
Remarks 
1 0.25 80 6000 60 11.93-17.90 
Flex substrate in good 
condition; glue observed  
2 0.25 80 3000 60 7.86-13.07 
Flex substrate in good 
condition; glue observed 
3 0.25 80 1000 60 3.98-5.78 
Flex substrate in good 
condition; glue observed 
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Even though there was no sign of full penetration through the sacrificial layer, however damage 
at the back side of the flex substrate was observed. Excessive heat might have built up in the 
metal pads on the sacrificial layer, leading to generation of the glue-like substance at the bonding 
interface. In this configuration, the pads of the sacrificial layer act as a shield which prevents the 
laser radiation from reaching the flex substrate. Unfortunately, it appears the accumulated heat 
in the metal pads of the sacrificial layer might have melted the flex substrate. The image in Figure 
5.9 shows the sacrificial layer which has been ablated to the full depth of the polyimide, leaving 
the metal pads exposed. 
 
 
 
 Figure 5.9 Exposed metallic pads on flex sacrificial layer 
 
 
In light of these results, it was considered preferable to switch back to the initial method which 
involved using a single 75 m-thick PI layer as the sacrificial material. Furthermore, the longer 
bonding time imposed during the double substrate irradiation process was quite time consuming.  
With a single PI layer, one of the possible methods that could be implemented to operate the 
bonding time for 300 ms while providing certain gap distance is to ablate the sacrificial layer at 
an oblique angle of incidence. This method not only provides more gap distance between the 
ablated hole and the substrate layer, but also has the potential to avoid dissipation of heat going 
to the flex substrate. In terms of providing more gap distance, this can be illustrated in Figure 
5.10.  
 
200 µm   
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                                                            Ablated Holes 
                                                            
                                                                  PI Layers  
                                                           
a)                                               b) 
 Figure 5.10 a) normal ablation depth b) ablation depth with angle of incidence 
 
In a typical ablation process, where a layer is irradiated at normal incidence, a hole will be drilled 
in a direction normal to the surfaces, ending a certain distance from the opposite side. However, 
if the layer is ablated at an oblique angle of incidence for the same duration, the bottom of the 
ablated hole will not be so close to the opposite side. For example, if 300 ms of laser ablation 
can etch to 70 µm depth in a 75 µm-thick PI layer, it will leave only 5 µm remaining in a normal 
process. However, by introducing a certain angle, for instance 20°, the remaining ablation depth 
will be 9.8 µm as illustrated in Figure 5.11.     
 
 
                                                                    20°   
                                           a) 70 µm          b) 70 µm        75 µm Sacrificial PI Layer  
                                                                                   
                                    5 µm gap                              9.8 µm     
 
                                                   9.22 µm gap                              Flex Substrate 
 
Figure 5.11 Ablation depths for a) normal ablation b) ablation with 20° laser incidence 
 
It is clear that more ablation depth is available when the PI layer is ablated at an oblique angle of 
incidence, and the bigger the angle, the more depth will be available. Therefore, a test to prove 
this method was conducted where the angle was set arbitrarily at 30° as shown in Figure 5.12 
and all other parameters were based on Test 6 in Table 5.5.  
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                 UV laser beam 
                              
                   PI layer 
       Substrate layer 
                    Bumps 
                        Chip 
                                                          30°     
 
 Figure 5.12 Introduction of laser incidence angle by physical tilting of TS bonder  
 
After conducting this test, the result shows that the chip had adhered firmly to the flex substrate. 
However, before conducting a shear test to determine the bond strength, the non-destructive 
electrical connectivity test was performed using the 4wΩ resistance measurement method. The 
result from the electrical connectivity test is shown in Table 5.7. 
 
Table 5.7 4wΩ measurement result for 30° laser incidence angle 
Position 
4wΩ Resistance 
(mOhm) 
1 16.6 
2 15.9 
3 17.0 
4 17.6 
5 17.7 
6 17.9 
7 18.5 
8 11.9 
9 16.2 
10 16.7 
11 12.8 
12 12.5 
 
The result in Table 5.7 shows that electrical connectivity had been established at all 12 
checkpoints but with inconsistent resistance values. To further understand this inconsistency, the 
test was followed by a shear test which gave an average bond strength of 4.11 gf/bump which is 
a lot better than the result in Test 6. However, some traces of glue-like substance were detected 
as can be seen in Figure 5.13. 
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Figure 5.13 Minor traces of glue like substance and enlarged bonding sites 
 
 
From the chip image in Figure 5.13, the electrical connectivity test was matched with the diagram 
in Figure 5.14. 
 
 
Figure 5.14 Test positions on chip with respect to image in Figure 5.13 
 
0.5 mm 
50 µm 
50 µm 
50 µm 
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By examining Figures 5.13 and 5.14, it can be seen that bonding mostly occurs at the right hand 
side of the chip with most obvious bonding traces resides at point 11 and 12. Incidentally, the 
4wΩ reading at these points are quite good with values of 12.8 mΩ and 12.5 mΩ respectively. 
By referring to Table 5.7, the reading at point 8 also shows good resistance value at 11.9 mΩ. 
Unfortunately, the cause for this unexpected result is unknown, possibly effected by slight 
mishandling during experimental work or during electrical measurement test.   
Table 5.7 also suggest that higher resistance value mostly occurs at the left hand side of the chip 
where less bonding activities are sighted. It can be seen that the glue-like substance appeared 
more towards the right hand side of the chip where the resistance values are better. The 
inconsistency is believed to be caused by the deliberate tilting of the TS bonding device at 30º 
which will have affected the laser fluence being channelled to the IOs as the laser spot was moved 
from the right side to the left of the chip. 
However, upon implementation of a 30º of tilting angle for the TS bonder, it seems to affect the 
laser energy distribution as illustrated in Figure 5.16. 
 
Figure 5.15 Variation in laser beam diameter with 30º work piece tilt angle 
 
As shown in Figure 5.15, in moving from the left side to the right side of the chip, the variation 
in the work piece height will cause the laser spot diameter to decrease by around 10 µm, based 
on the spot size measurements reported in Chapter 4. Since the laser fluence for a given pulse 
energy is inversely proportional to the spot area, there will be a corresponding increase in fluence 
across the chip. The increase in the laser fluence from 0.5 J/cm2 at 80 µm laser spot diameter to 
0.66 J/cm2 at 70 µm laser spot diameter is believed to be the main culprit for the overheating of 
the substrate layer that causes it to produce the glue-like substance which nullifies the result. 
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Nevertheless, these results have shown that greater electrical connectivity can be achieved at 
higher fluence if the presence of the glue like substance can be ignored.  
Even though the result of the previous test was nullified by the presence of the glue-like 
substance, tilting of the work piece created an opportunity for establishing stronger bond strength 
for the laser ultrasonic flip chip bonding process as supported by further modelling work shown 
in Appendix G. To ensure the reliability of this effect without significant modification to the TS 
bonder system, the test was repeated with the same configuration but with decreasing laser 
fluences. This time the spot size diameter was varied from 75 µm at the left position on the chip 
to 85 µm at the right position. The resulting 4wΩ resistance measurements, with probe positions 
based on Figure 5.14, are recorded in Table 5.8.  
Table 5.8 4wΩ measurement result for 30° laser incidence angle (2nd Test) 
 Position 4wΩ Resistance 
1 12.5 
2 15.5 
3 17.7 
4 16.6 
5 16.8 
6 16.7 
7 16.7 
8 17.5 
9 14.9 
10 11.6 
11 11.3 
12 11.2 
 
As expected, there was still some inconsistency in the resistance values.  However, shear testing 
yielded a higher average bond strength of 5.28 gf/bump which was more than the target strength 
of 3.0 gf/bump. Furthermore, from close examination of the chip surface, it could be seen that 
the existence of the glue-like substance had been reduced greatly, leaving just slight traces. This 
reduction is believed to be caused by the decreasing laser fluence which had been applied to the 
work piece. Unexpectedly, it can be surmised that the reduction of the glue-like substance has 
allowed higher average bond strength for the bonding.  
As can be seen in Figure 5.16, the right side of the chip, which had been irradiated with a laser 
fluence of 0.58 J/cm2 and a laser spot diameter of 75 µm, showed significant signs of bonding 
activity. However, the left side of the chip, which had received only 0.44 J/cm2 at a laser spot 
diameter of 85 µm, showed very little sign of bonding.  Clearly, it can be understood that lower 
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laser fluence has produced higher resistance in the 4wΩ resistance measurement, thus affecting 
the electrical connectivity of the chip. However, it could be seen that lower laser fluence, 
particularly at 0.5 J/cm2 or below, prevented the glue-like substance from emerging from the flex 
substrate, making the result more reliable. Therefore, in order to improve the bonding process, 
the variation of laser fluence needed to be eliminated.  
 
 Figure 5.16 Chip from second tilted test, with slight traces of glue-like substance 
 
Since the laser system is fixed to irradiate with a vertically incident beam, the whole TS bonder 
on the precision XYZ stage needed to be tilted for exposure at oblique incidence. However, in 
order to maintain the laser fluence consistency in this configuration, an improved handling 
method needs to be carried out where the z-axis position of the chip had to be adjusted each time 
for each IO to ensure it was at the correct height. From simple calculation, the height had to be 
adjusted by 50 μm to compensate for the inclination angle of 30° as the laser moved from one 
bump to another in the x-direction. For example, if the rightmost bump was receiving the 
reference laser fluence that needed to be maintained, moving to the next bump at its left required 
the XYZ stage to be raised by 50 μm. In this way the laser spot size and the laser fluence could 
remain the same throughout the whole process.  
After conducting this test using the improved handling method, with a laser fluence of 0.5 J/cm2 
at 80 µm laser spot size diameter, the result showed that the chip had adhered firmly to the flex 
substrate. Before conducting a shear test to determine the bond strength, the non-destructive 
electrical connectivity test was conducted again using the 4wΩ measurement and the results are 
shown in Table 5.9. 
 
0.5 mm 
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Table 5.9 4wΩ measurement result for 30° laser incidence angle (3rd Test) 
 Position 4wΩ Resistance 
1 16.6 
2 17.3 
3 17.2 
4 16.5 
5 16.9 
6 16.7 
7 16.6 
8 16.8 
9 16.7 
10 16.7 
11 17.5 
12 17.6 
 
The result in Table 5.9 shows more consistent but higher resistance values in the range from 16 
mΩ to 18 mΩ. However, a substantial improvement to the bonding strength, with an average 
bond strength of 9.3 gf/bump, was achieved in this test. Upon examining the chip and the 
substrate bonding and non-bonding surfaces, no significant traces of glue-like substance were 
observed as shown in Figure 5.17. It can also be observed that the damage caused to the bumps 
was quite uniform across the chip, as might be expected from the uniform electrical connectivity 
results.  
 
    
Figure 5.17 Successful bonding with improved handling method 
 
 
 
 
0.5 mm 
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5.4 Failure modes 
 
Only one type of failure mode [56] was identified in the final test (3rd test) and it is shown in 
Table 5.10. This type of failure mode indicates a good bond since the joint breaks between UBM 
(under-bump-metallisation) and bump. Furthermore, no evidence of exposed silicon or silicon 
cratering was observed which suggests that the silicon remained intact. 
 
Table 5.10 Failure joint 
Mode Original Description Failure  Description 
Bump on Chip 
(Photos of 
Actual Sample), 
70 x 70 µm2 
 
 
 
Ni/Au 
(4/1 µm) 
 
 
Parts of the gold 
material being torn 
off leaving 
underneath nickel 
layer with no 
silicon exposed. 
Pad on 
Substrate 
(Photos of 
Actual Sample),  
70 x 70 µm2 
  
 
Cu/Ni/Au 
(8/5/0.8 µm) 
 
  
 
 
Gold residue from 
bump sticking to 
the gold pad on the 
substrate. 
 
 
In contrast, in a previous test (1st test), a bump was completely torn from the chip as shown in 
Figure 5.18. This may have occurred due to the higher laser fluence used during this test. 
 
 
Figure 5.18 Completely torn off bump adhered firmly to the substrate pad 
 
 
50 µm 
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5.5 Damage analyses on TSFC bonding using laser ultrasonic vibration 
 
This Section briefly discusses the ablation damage effects observed in the sacrificial material and 
the confining layer during laser thermosonic bonding. For the sacrificial material, the damage is 
not crucial as long as the sacrificial layer is not fully penetrated. For the successful result obtained 
in previous chapter, the damage that occurred to the PI layer after 300ms of successive laser 
pulses is shown in Figure 5.19.   
 
    
 
                                     a)                                                       (b)  
 Figure 5.19 Ablated PI layer a) top view b) bottom view 
 
In the top view, traces of the 88 individual laser ablation spots corresponding to the chip IOs can 
be clearly viewed. Significant damage has been done to the PI layer. From the reverse side of the 
layer, it seems as greater damage has been done but actually the darker damaged line is a shadow 
of an ablation damage viewed from the top of the transparent PI layer and it does not penetrate 
the bottom layer. 
Considering now the confinement glass, this also suffered damage during the bonding process. 
In particular, tiny holes were formed on the surface that was in direct contact with the PI layer, 
as shown in Figure 5.20. 
 
1 mm 
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Figure 5.20 Damages on confinement glass 
 
These holes were probably made by the explosion of the plasma at high temperature during the 
confined ablation of the PI layer. Upon close examination, these holes, shown in Figure 5.22, 
typically had a diameter of 50 µm (150 µm outer diameter) and a depth of about 1 µm.  
 
    
a)                                            b) 
Figure 5.21 Close up view of holes produced in confinement glass a) 10x magnification  
b) 50x magnification 
 
 
 
 
 
 
50 µm 200 µm 
1 mm 
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5.6 Summary 
 
Based on the findings in this chapter, the process parameters for the successful thermosonic flip 
chip bonding using ultrasonic laser vibration can be summarised as in Table 5.11. By using these 
parameters, a successful bonding which satisfies the requirement in Mil-Std-883-E (Method 
2019.5) has been achieved at die shear strength of 9.3 gf/bump with satisfactory electrical 
connectivity test.  
 
Table 5.11 Process parameters for successful bonding 
Parameter Value 
Laser Fluence 0.5 J/cm2 
Laser Spot Size Diameter 80 µm 
Laser Repetition Rate 60 kHz 
Laser Angle of Incidence 30 º 
Bond Force  60 gf/bump 
Bonding Time 300 ms 
Temperature 200 ºC 
 
 
Nevertheless, these parameters are only applicable for the settings used in this experimental work 
with consideration to all the limitations discussed earlier. Therefore, significant work of 
improvement to the bonding parameters can still be carried out for better results.  
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6. CONCLUSIONS AND FUTURE WORK 
 
 
6.1 Summary of achievement 
  
The aim of this research was to investigate the possibility of establishing flip-chip bonding using 
laser induced ultrasonic vibration. Through an extensive programme of modelling and 
experimental work involving many tests and modifications, a satisfactory result has been 
achieved. A die shear strength of more than 3.0 gf/bump as required by MIL-STD-883E (Method 
2019.5) has been obtained for a flip-chip assembly which consists of a flex substrate and a 
dummy chip. 
The implementation of laser-generated ultrasound in the field of flip-chip bonding has never been 
done before, with many researches focussing on improving the more traditional processes based 
on piezoelectric transducers. As an alternative approach, this investigation provides a fresh 
insight to a new method that might ultimately be able to provide better control over the way 
vibration is channelled to the bonding interface. 
From this initial investigation, a set of parameter values that may be used in the flip-chip bonding 
process has been established. The values of these parameters are not rigidly fixed for this method, 
as they depend on the conditions of the setup. In other words, some of the parameters are flexible, 
and likely to be changed, such as the laser energy, laser repetition rate and laser spot size. 
However, since the aim of this research was just to investigate the possibility to establish the 
bonding by this method, further parameters optimisation has not been done.  
In this investigation, since the laser energy density was limited by the ability of the confinement 
glass to withstand high energy, the resulting vibration amplitude was relatively low. To 
compensate for this low amplitude vibration, the bonding time (laser processing time) needed to 
be prolonged up to 300 ms, which is still acceptable. Unfortunately, due to this prolonged time, 
the ablation process nearly penetrated the sacrificial layer. Consequently, the heat accumulation 
inside the sacrificial layer transferred into the flex substrate, and this resulted in a glue-like 
substance emerging which influenced the adhesion between the flex substrate and the chip.  
To overcome this problem, an inclination angle to the laser irradiation was introduced. The main 
advantage of this inclination angle was that it increased the available depth for the laser ablation 
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process within the sacrificial layer. Furthermore, through simulation it was shown that oblique 
exposure should increase the ultrasonic vibration amplitude and introduce an in-plane component 
to the vibration; both of these effects should be beneficial.  
Electrical connectivity tests confirmed the quality of the final bonding result, with uniform 
electrical resistance being achieved across the chip. This also indirectly signified that similar 
bond strength for each bump had been achieved in spite of the fact that no special measures had 
been taken to ensure co-planarity. It was also found that chip cratering did not occur in this work 
due to the resulting low vibration amplitude from the application of low laser fluence.  
All in all, the main objective of this investigation was achieved, albeit with plenty of room for 
improvements.  
 
6.2 Suggestions for future work 
 
As this initial investigation of flip-chip bonding using laser-generated ultrasound has shown 
promising results, further investigations on optimising the parameters should be carried out to 
improve the method. Among the follow-on works that are suggested are investigation of a higher 
strength confinement glass and simultaneous ultrasonic vibration channelling to multiple targets. 
The implementation of a higher strength confinement glass will reduce the likelihood of the recoil 
pressure fracturing the glass, and potentially allow higher vibration amplitude to be generated. 
Furthermore, a tougher glass may withstand higher clamp force which would assist in achieving 
greater bond strength in the flip chip bonding process. 
Since the generation of ultrasonic vibration in this work was done sequentially, the total bonding 
time for the whole chip is unnecessarily long. Therefore, further work on conducting this bonding 
process simultaneously is essential which can be done by irradiating with a higher total laser 
energy to multiple targets at the same time using a patterned mask. As a result, the bonding time 
will be greatly reduced.   
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6.3 Contributions 
The current finding from this investigation has opened up a new method for generating ultrasonic 
vibration for the purpose of flip-chip bonding. By controlling the laser pulse irradiation, the 
channelling of ultrasonic vibration can be localised at micro scale, thus eliminated the chip 
cratering and uneven bonding strength problems. It is also known from this investigation that 
irradiating laser pulses at certain angle introduces ultrasonic vibration in x and y directions 
simultaneously, as oppose to the single direction of ultrasonic vibration in conventional 
thermosonic flip-chip bonding. As a result, it provides opportunity to increase the strength of the 
flip-chip bonding.  
Due to the nature of this bonding method, which have the ability to control and channel ultrasonic 
vibration individually to each interconnects, flip-chip bonding process for high or unsymmetrical 
positioning of the interconnects would be feasible and of great beneficial to the manufacturing 
industries for semiconductor devices. 
It is also hoped that this investigation will create much interest for the researchers and 
academicians to further investigate and expand the knowledge in this field.   
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APPENDIX A – Model Validation using COMSOL Multiphysics 
 
For the plane stress module, based on the work in [16], a 100 MPa pressure is applied along a 
200 µm pressure line (represented pressure spot size diameter induced by laser). The value of the 
applied pressure is determined from the resulting laser ablation of PMMA at ablation threshold 
[60] as conducted. The resulting peak displacement of 0.5 µm in Figure 7.2 nearly agrees with 
the displacement values from the literature (Figure 2.5). 
 
Figure 7.1 Configuration and plane stress modelling setting for work in [16] and [19] 
 
 
Figure 7.2 Resulting displacement at probe point in Figure 7.1 
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APPENDIX B – Effects of varying dimensions of chip and 
structure to the resulting displacement. 
 
Table 7.1 Varying chip thickness with constant width at 100 MPa (100 µm cavity width) 
Chip thickness, (µm) 
(Structure width – 600 
µm) 
y- displacement at probe 
point, (µm) 
(vibration amplitude) 
Solution time (s) 
(Processor speed – 
3.40 GHz) 
100 0.120 24.37 
200 0.153 25.96 
300 0.160 27.81 
400 0.161 29.43 
500 0.161 31.13 
 
 
Table 7.2 Varying chip width with constant thickness at 100 MPa (100 µm cavity width) 
Structure width, (µm) 
(Chip thickness – 100 
µm) 
y- displacement at probe 
point, (µm) 
(vibration amplitude) 
 
Solution time (s) 
(Processor speed – 
3.40 GHz) 
800 0.120 30.07 
1000 0.120 36.3s 
 
 
Actual y-displacement at probe point for 2D-modelling of chip size at 3 mm x 0.5 mm does not 
vary at all (0.161 µm) but required longer solution time (99.171s) and larger storage memory.  
 
The effects of enlarging the model size is negligible to the investigated result and further 
computational time is needed for larger model. 
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APPENDIX C – Bipolar Effect Modelling  
In this modified structure from Figure 3.9, the thickness of polyimide substrate layer is 
increased from 38 µm to 200 µm. The result is shown in Figure 7.2. 
 
Figure 7.3 Modified modelling structure from Figure 3.9  
 
 
Figure 7.4 Resulting compression, rarefaction and reflection in propagating wave at probe 
point in Figure 7.3 
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APPENDIX D – Varying Cavity Width  
Following are the resulting y-displacement graphs for application of pressure pulse at different 
cavity width set at 1 µm depth. 
 
 
Figure 7.5 Vibration at 20 µm cavity width 
 
 
Figure 7.6 Vibration at 40 µm cavity width 
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Figure 7.7 Vibration at 60 µm cavity width 
 
 
Figure 7.8 Vibration at 80 µm cavity width 
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Figure 7.9 Vibration at 100 µm cavity width 
 
 
Figure 7.10 Vibration at 120 µm cavity width 
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APPENDIX E - Vibration Effect on Nearby Interconnects  
Following are the resulting y-displacement graphs for multiple probe points based on Figure 3.18 
for the application of pressure pulse at different cavity width set at 1 µm depth.  
 
 
Figure 7.11 Multiple vibrations at 20 µm cavity width 
 
 
Figure 7.12 Multiple vibrations at 40 µm cavity width 
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Figure 7.13 Multiple vibrations at 60 µm cavity width 
 
 
Figure 7.14 Multiple vibrations at 80 µm cavity width 
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Figure 7.15 Multiple vibrations at 100 µm cavity width 
 
 
Figure 7.16 Multiple vibrations at 120 µm cavity width 
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APPENDIX F – Relationship between diode current and laser 
power 
 
 
Figure 7.17 Graph of laser power versus frequency for various diode currents for Talon® 355-
15 UV diode-pump solid state (DPSS) Q-switched laser 
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APPENDIX G – Off-axis modelling of pressure induced vibration 
 
 
Figure 7.18 30 degrees angle of incidence (initial) 
 
  
                   Figure 7.19 x-axis (0.15 µm)                              Figure 7.20 y-axis (0.1 µm) 
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Figure 7.21 30 degrees angle of incidence (final) 
 
 
                Figure 7.22 x-axis (0.17 µm)                              Figure 7.23 y-axis (0.13 µm) 
